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(57) ABSTRACT

Process for preparing a ceramic from an inorganic base mate-
rial that is in the form of a powder having a high melting point,
comprising a step of mixing the powder of the inorganic base
material with a second inorganic component also in powder
form and which acts as a dopant for the inorganic base mate-
rial. The dopant is constituted by a single inorganic material
or by a mixture of at least two inorganic materials having a
dopant effect on the inorganic base material. The process
comprises a sintering step carried out at a high temperature.
The ceramics obtained, because of their high density, are
advantageously used as a target element. Films and electrodes
obtained from these ceramics exhibit particularly advanta-
geous properties.
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1
PROCESS FOR PREPARING CERAMICS,
CERAMICS THUS OBTAINED AND USES
THEREOF, ESPECIALLY AS A SPUTTERING
TARGET

FIELD OF THE INVENTION

The invention relates to a process for preparing ceramics,
especially high-density ceramics.

The invention also relates to ceramics and target elements
obtained by implementing processes of the invention. These
ceramics and target elements are characterized by remarkable
mechanical properties, especially by a high apparent density
close to the theoretical density.

Furthermore, the present invention relates to the uses of
these ceramics and target elements, especially the implemen-
tation of processes that allow the production of films as thin
films by sputtering from the targets, and of electrodes for
electrochemical devices (microgenerators, electrochromic
devices, gas sensors, etc.).

The films and electrodes thus obtained, especially those
obtained as thin films which have particularly advantageous
properties, also constitute one aspect of the present invention.

PRIOR ART

In recent years, the coating of various materials with thin
films having particular properties has been the subject of
considerable development. As an example of the use of this
technology, mention may traditionally be made of the depo-
sition of ultrahard materials onto mechanical parts, of trans-
parent electrodes having metallic-type conductivity for opto-
electronic devices, of electrodes for electrochromic devices,
of electrodes for microbatteries, the deposition of anticorro-
sive layers onto metals and of antireflection layers onto opti-
cal glass.

The numerous methods that can be used for producing such
layers differ substantially depending on the chemical identity
of the coating-layer-generating compound or compounds.

Chemical vapor deposition methods, whether plasma-en-
hanced or not, are suitable in the context of gaseous-type
generating compounds.

In the case of generating compounds that are liquid or are
capable of being put into solution, use is generally made of
the method which consists in depositing a layer of a metal, or
else methods of the spin-coating type or for deposition by
spraying a hot mist.

When the generating source of the coating is a material of
solid type, use is advantageously made of RF or DC
type sputtering as described, in particular, in “http://pages-
perso.lapost-e.net/librebel/download3/pulve.pdf” and in
“Study of Indium Tin Oxide (ITO) for Novel Optoelectronic
Devices” by Shabbir A. Bashar B. Eng., submitted in accor-
dance with the requirement for the Degree of Doctor of Phi-
losophy KING’S COLLEGE LONDON, University of Lon-
don, Department of Electronic Engineering 1998.

The solid material that generates the coating, customarily
termed ““target material” or “target”, may be constituted by a
metal, by a metal alloy or else by an inorganic chemical
compound having a particularly high melting point. In this
context, a ceramic constituted of a refractory oxide is bom-
barded using a source of ions that have sufficient energy to
detach particles of the target material. The particles thus
detached are deposited (by transfer of material) onto the
object to be coated.

The distance between the emitter of particles, that is to say
the target, and the receiver, that is to say the substrate on
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which the particles that have the kinetic energy required to
give the film are deposited, generally varies between around
4 and 15 cm. Provided that the surface of the target material to
be deposited onto the object is of sufficient size, an adequate
growth rate and homogeneity are then obtained for the depo-
sition formed from particles detached from the target mate-
rial.

The manufacture of targets of large surface area from met-
als or metal alloys is relatively easy to carry out by passing
through the intermediate step of preparing a ceramic. In the
case of preparing such targets from inorganic chemical com-
pounds having a high melting point, the operation proves
tricky due to the difficulties that there are in first producing a
ceramic that has the required characteristics. For each new
inorganic material used for the purpose of producing a
ceramic, it is necessary to work out the parameters of the
process. This is an operation which may prove random, long
and complex and which results in high operating costs, in
particular when a technique involving high pressures is used.
Such methods are too tricky to be put into production by a
simple operator, the involvement of an expert proves indis-
pensible.

Conventionally, two sintering techniques are mainly used
for manufacturing ceramics (targets) intended to be used in
the context of a sputtering.

The first process is qualified as “natural” sintering from a
target which is prepared as follows:

(1) compacting step: the powder of the inorganic material is
first compacted at ambient temperature in a suitable
mold, that withstands high pressures, of the order of 1
tonne/cm?. Additives, such as camphor, may be added to
facilitate the compacting and, therefore, the demolding
of the thus compacted powder before it is sintered at
temperature; and

(i1) sintering step: for compacted elements of large surface
area (=100 cm?), technical difficulties (besides “the
encumbrance” of the mold which is also costly) are
however encountered for removing the compacted ele-
ment from the mold without deteriorating it and convey-
ing it without damage into the furnace in order to be
sintered therein to give the final ceramic.

This process which thus comprises two steps (i) and (ii)
proves tricky to implement, particularly in the second step
and for targets of large surface area.

For these reasons, industrialists generally use a second
process, commonly known as hot pressing (HP). This is a hot
compacting of the powder of the inorganic material in a
suitable, chemically inert mold that withstands high pressures
and temperatures.

Although the second method makes it possible to obtain
ceramics of good quality (homogeneous, dense) in a single
step, this manufacturing process has the drawback of requir-
ing the use of heavy-duty and very expensive equipment,
especially for targets of large surface area.

The process of using a ceramic as a target for sputtering is
described in “Study of Indium Tin Oxide (ITO) for Novel
Optoelectronic Devices” by Shabbir B. Bashar B. Eng., sub-
mitted in accordance with the requirement for the Degree of
Doctor of Philosophy KING’S COLLEGE LONDON, Uni-
versity of London, Department of Electronic Engineering,
1998.

Sputtering is a phenomenon of ejecting particles from the
surface of a material, when the latter is bombarded by a
stream of energetic particles. The conventional diagram for
diode sputtering is presented in FIG. 3.

The particles, generally argon ions Ar* of the plasma, are
accelerated in the electric field of the target, borne at a nega-
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tive voltage relative to that of the plasma. The sputtered
particles are in general neutral. They are diffused throughout
the chamber. A certain number of them are recovered on a
carrier known as a substrate, placed opposite the target, and
on which they form a thin film. The plasma, also known as
glow discharge, is the base of the sputtering.

The publication entitled “Zinc Doping in Cosubstituted
In, ,.Sn 7Zn O; o’ by A. Ambrosini, in Chem. Mater. 2002,
14, 58-63, mentions a cosubstituted solid solution In, , S-
n,Zn O,_, acceptor-doped with Zn** to form In, ,_,S-
n,Zn,0,_5 (y>X). A 4% Zn** excess can be introduced in
In, ¢Zn, ,0;_g while maintaining the bixbyite structure. The
n-type conductivity of the doped material decreases with zinc
substitution. Zn-doped In, ;Sn,,Zn,,0; o was annealed
under high oxygen pressure (170 atm) to eliminate anion
vacancies, V.. Owing to a decrease in carrier concentration
byup to 2 orders of magnitude from 10*°to 10'® carriers/cm?,
the conductivity of the annealed material decreases. Hall
measurements show that the carriers remain as n-type. The
results imply the existence of neutral Zn—V _.complexes that
prevent the donation of holes by Zn>*.

The process described in this publication relates to a
method of preparing ceramics which comprises a first press-
ing carried out at ambient temperature, at a very high pressure
of 7-8 MPa per cm?. This method makes it possible to obtain
ceramics having densities close to the theoretical density, but
has the drawback of being complex (at least two pressing
steps) and of requiring a very large energy input.

The publication by 1. Saadeddin et al., entitled “Simulta-
neous doping of Zn and Sb in SnO, ceramics: enhancement of
electrical conductivity” in Solid State Sciences 8 (2006) 7-13
published on 21 Oct. 2005, describes SnO,-based ceramics
doped with Sb and/or Zn and prepared by solid state reaction
at 1300° C. The effect of the dopants on the electronic prop-
erties and on the sintering has been studied. While undoped
SnO, ceramics have very low electrical conductivities and
lower densities, the Sb-doped ceramics show higher electrical
conductivities, with almost no densification and with a sig-
nificant antimony loss. On the contrary, a high densification
and a low conductivity are obtained for Zn-doped ceramics.
For this reason, the authors studied SnO, ceramics co-doped
with Sb and Zn (SnO,:Sb:Zn) to combine the advantages of
both dopants. X-ray photoelectron spectroscopy analysis
confirmed that Sb>* is mainly substituted at the Sn** sites for
the Sb-doped ceramics, in agreement with Hall measure-
ments. In the case of SnO, samples co-doped with Sb and Zn,
high electrical conductivity and density are observed. In addi-
tion, the presence of Zn prevents the evaporation of Sb during
the sintering.

The process described in this publication inevitably
involves a pressing step with pressures of around 185 MPa
and the pores of the ceramics described in this publication are
of relatively small size. The advantage of this process is
limited due to its complexity and the high operating costs that
are associated therewith.

The publication entitled “Effect of ZnO addition in In,O,
ceramics: defect chemistry and sintering behaviour” by
Dong-Hyuk Park et al., in Solid State Ionics 172 (2004)
431-434, describes the study of the characteristics of the
solution of Zn** in In,O; as a function of the Zn content and
of the sintering atmosphere. The solubility limit of Zn in
In,O; is close to 1 at % when [ZO (indium zinc oxide) is
sintered in an oxygen atmosphere. Sintering in nitrogen
decreases the solubility limit below 1 at %. On the basis of
electrical characteristics and microstructural analysis, it has
been found that Zn forms a substitutional solid solution with
In,O; up to 0.5 at % than is converted to an interstitial solid
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solution below 0.5% when samples are sintered in oxygen.
On the contrary, Zn forms an interstitial solid solution when
the samples are sintered in nitrogen. In this document defect
chemistry based on the unstable In,O; structure is discussed.

The process for preparing a ceramic described in this pub-
lication implies that the ceramics obtained are done so by
pressing at 100 MPa. The ceramics described in this publica-
tion have a low electron density per unit volume, which con-
siderably limits the advantage thereof.

The International Application by Societe Nationale Elf
Aquitaine published on 24 Jun. 1993 under the number WO
93/12264 describes a process in which, to form a target ele-
ment, a precursor system is constituted that is capable of
giving rise to the inorganic material at a temperature 0
between 300° C. and 1600° C. and below the melting point of
said material. The precursor system contains an inorganic
adjuvant having a melting point less then or equal to 6. The
precursor system is applied to a carrier, with the exclusion of
a metal felt or foam. The resulting element is brought to the
temperature 0 and said temperature is maintained for a suffi-
cient time to produce the inorganic material, then the inor-
ganic material/carrier assembly is cooled to ambient tempera-
ture while avoiding any quenching phenomenon.

The process described in this publication is characterized
by the fact that the adjuvants used are present in an amount of
at least 20%, and they are not used to create anion vacancies
in the base material by substitution. It is stated in this docu-
ment that the adjuvant may be a flux such as LiF, LiCl; it
should preferably be a lithium, sodium or potassium carbon-
ate. In the case of carbonates, the densification takes place
during the release of CO, during heating. Furthermore, with
these adjuvants, the ceramics obtained have low densities, of
around 50% of the theoretical density.

The publication by N. Ito et al., entitled “Electrical and
optical properties of amorphous indium zinc oxide films”,
from 28 Sep. 2005, describes an investigation of the valence
electron control and electron transport mechanisms of amor-
phous indium zinc oxide (I1ZO) films.

In,O; doped with tin (Sn) (known as ITO) is a well-known
TCO (transparent conductive oxide), attesting to more than
50 years of intensive scientific research and technical appli-
cations. In a thin film, ITO shows a remarkable combination
of optical and electrical transport properties [1-11]: (i) low
electrical resistivity (~1-2x10™* Q-cm) and (ii) high optical
transparency (>80%) in the visible part of the solar spectrum.
However, to attain such properties, the films must be depos-
ited or post-deposition annealed at a temperature equal to or
greater than ~200° C. These days, the accent is placed on the
preparation of TCO layers having high electronic and optical
performances at low deposition temperatures (<80° C.) in
order to be compatible with emerging technologies linked to
organic compounds, such as flexible OLEDs (organic light-
emitting diodes), polymer-based photovoltaic solar cells,
etc., for which low-cost plastic substrates are used. For this
reason, the amorphous thin films of indium-zinc oxide (IZO)
deposited at low temperature have been increasingly studied
[12-22]. In addition to the high optical transparency in the
visible range, these X-ray amorphous 1ZO films have typi-
cally low resistivities (3-6x10™* Q-cm), that is to say that are
lower than those measured for the amorphous ITO homologs
(7-10x107* Q-cm) [10, 18].

The In,O;—ZnO binary phase diagram includes a series of
homologous 170 compounds having the chemical formula
Zn,In, 05, , (k=2-9, 11, 13, 15); these oxides display struc-
tures that have hexagonal layers and not a bixbyite-type cubic
structure because the Zn content exceeds the solubility limit
in the In,O; bixbyite-type structure [15, 23, 24]. The solubil-
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ity limit of ZnO in In,O; has been found by D. H. Park et al.
to be 1-2 mol % [24]. However, it has emerged that the
solubility limit of Zn** in the In,O, ceramic increases up to 40
mol % when In** is co-substituted by Zn>* and Sn** [25].
Unfortunately, the reported In,O, ceramics co-substituted by
Zn**—Sn** have proved to have low apparent densities
(=60% of'the theoretical density) and higher resistivities than
their ITO homologs [25-27].

Some studies have been reported for TCO films deposited
by sputtering using mixtures of ZnO—In,0;—Sn0O, pow-
ders [28-30] as targets. In order to approach the conductivity
of ITO, the films are deposited on glass substrates at tempera-
tures =160° C.; consequently, the heat-sensitive (plastic) sub-
strates could not be used. Furthermore, films having multiple
compounds Zn,In,0,—7ZnSnO; and having a ternary com-
pound Zn,In,O5 have been prepared using such targets based
on a powder mixture.

There was therefore a need for a process for preparing a
target element of ceramic type free of at least one of the
drawbacks of the processes of the prior art.

There was also a need for the provision of such a process,
capable of being carried out by persons that do not have
particular competencies in the ceramic or sintering art, this
process advantageously having to result in the obtention of
targets or target elements that, in particular, make it possible
to easily produce targets of large surface area.

There was also a need for a process that makes it possible
to easily obtain dense ceramics, and this advantageously in a
single heating step, without having recourse to the costly
technique of hot pressing (second process), or to the tricky
demolding of a compacted target before it is sintered (first
process).

SUMMARY

A first subject of the present invention is constituted by a
process for preparing a ceramic from an inorganic base mate-
rial that is in the form of a powder having a high melting point
that is preferably above 300° C.

The process comprises at least:

a step of mixing the powder of the inorganic base material,
preferably in pulverulent form, with a second inorganic
component, this also being in powder form, which acts
as a dopant for the inorganic base material, said dopant
being constituted by a single inorganic material or by a
mixture of at least two inorganic materials having a
dopant effect on the inorganic base material; and

a sintering step carried out at a high temperature that is
preferably above 800° C., and more preferably still
above 1000° C.;

said process being characterized in that the forces exerted on
the powders, during the preparation of the mixture of said
powders, are less than or equal to 5 kg/cm?, preferably less
than 1 kg/m?.

Preferably, said powder has a particle size characterized by
a ds, between 10 nanometers and 50 micrometers, more pref-
erably still between 20 nanometers and 30 micrometers.

According to one advantageous embodiment of the process
of' the invention, the ceramic formed is represented by one of
the following formulae (1), (IT) or (I1I) or by a mixture of these
formulae that denote the doped material after sintering and in
which the anion vacancies are denoted by the symbol [I:

D) B 17 Op iy Drgomy2 With B fOg* which
denotes the base material and with:

x' which denotes the degree of substitution which is less

than o (preferably greater than or equal to 0.1a),
denoting a real number such that 2f=ck, or f=ak/2;
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E which is at least one metal from groups I to VIII of the
Periodic Table of the Elements, for example Fe, Cu, Ca,
W, Mo, Ti, Cr, Sn and In, the symbol k denoting the
average degree of oxidation of E calculated according to
the formula, the symbol M denoting the average degrees
of oxidation of the element J which is partially substi-
tuted for E, with m less than k;

a, k and p which are positive numbers, preferably between
1 and 20, such that ck-2=0, m and x' denoting positive
integers such that x'<a and m<k; and

ADM,_AT"T O, igmys” Dherigomyz OF
A MT, 170, inemyn” Drrmya With MJIT,”0,%"
which denotes the base material and with:

x' which denotes the degree of substitution and which is
less than x in the formula (II) (preferably greater than or
equal to 0.1x);

x' which is less than y in the formula (III) as indicated in the
present disclosure (preferably greater than or equal to
0.1y), M and T denoting at least two different metals
from the Periodic Table of the Elements, for example Li,
Na, K, Ag, Cu and Ti for M and Ni, Co, W, Mn, Cr, Fe,
V and Ti for T;

the vacancy level is equal to xX(q-m)2 for
Mx—x’qu’mTynOZ—x’(q—m)/22_I:|x’(q—m)/2s and to X'(n_m)/z

for MLAT,_"."O,_emyn” Dhetrmys

X, ¥, q, 1 and z are positive integers preferably between 1
and 20, limits included, that satisfy the equation
qx+ny=2z;

q which is the degree of oxidation of M;

z which is a real number such that: 2z=qx+ny as indicated;

n which is the average degree of oxidation of T;

m which is the average degree of oxidation of the dopant I,
with m which is less than q in the formula (I) and m less
than n in the formula (II); and

M and T respectively which are at least one metal from the
groups [ to VIII of the Periodic Table of the Elements, for
example Fe, Cu, Co, W, Mo, Ti, Cr, Sn and In.

The inorganic dopant may advantageously contain one or
more cations that have a degree of oxidation lower than the
cation (or cations) constituting the inorganic base material.

Preferably, the molar ratio of the dopant may, relative to
that of the inorganic base component, vary between 0.001 and
0.4, and it is preferably located between 0.01 and 0.1.

According to another preferred variant of the process of the
invention:

in a first step, a mixture of the inorganic base material,
doped with at least one dopant, is placed in a container
resistant to temperatures above 1100° C., preferably
above 1300° C., in the form of a powder that is non-
compacted or very slightly compacted, preferably under
the action of a pressure below 5 kg/cm?, more preferably
still under the action of a force of less than 1 kg/m?; and

in a second sintering and/or annealing step, the container
prepared in the previous step is brought to a high tem-
perature which is below the melting point of the con-
stituent material of the target element (this temperature
is preferably above 800° C. and below 1700° C.) and for
a time which is preferably between 1 and 100 hours,
more preferably still of around 12 hours, at ambient
atmosphere and more preferably still under an inert
atmosphere which is advantageously composed of
argon.

The resistant container used may advantageously be con-
stituted by a crucible or mold, resistant to high temperatures,
preferably up to 1600° C., and preferably composed of alu-
mina.
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The sintering may advantageously lead to a sufficiently
dense ceramic in orderto be able to be used as a target or target
element for sputtering.

The inorganic base material may preferably be chosen
from the group composed of oxides, oxyhalides such as an
oxychloride and/or oxyfluoride and/or oxysulfide, and mix-
tures of at least two of the latter.

The oxides may advantageously be chosen from the group
composed of TiO,, SnO,, In,0;, Li,TisO,,, MoO;, WO;,
Cr,0;, Fe, 05, Li,NiO, with x between 0.1 and 2 and prefer-
ably equal to 1, Li,CrO, 5 with x between 1 and 2, and pref-
erably equal to 1, LiFeO, and mixtures of at least two of the
latter.

Preferably, to carry out the process of the invention, the
dopant J is at least one metal from groups I to VIII of the
Periodic Table and which has a degree of oxidation m below
that of one of the elements/cations of the base material,
namely: m<k for EakOﬁz" and m<q and/or m<n for M, 7-
T,”0.”.

The pairs (inorganic base material, dopant creating the
vacancies in the inorganic material) may advantageously be
chosen from the group composed of:

W5 as cation of the base material in combination with at
least one dopant cation chosen from the group composed
Obe5+, Ta5+’ V5+, Ti4+, Sn4+, Mn4+, Mg2+, Zn2+, Ni3+,
Ni%*, Cu?*, Co3*, Co?*, Fe®*, Cr** and Mn>*;

Mo®* as cation of the base material in combination with at
least one dopant cation chosen from the group composed
Obe5+, Ta5+’ V5+, Ti4+, Sn4+, Mn4+, Mg2+, Zn2+, Ni3+,
Ni**, Cu?*, Co®*, Co?*, Fe®*, Cr’* and Mn**;

V>* as cation of the base material in combination with at
least one dopant cation chosen from the group composed
of Ti**, Sn**, Mn™**, Ni**, Co®*, Fe**, Cr’*, Mn**, Zn*™,
Mg?*, Ni**, Cu** and Co*™;

Nb’* as cation of the base material in combination with at
least one dopant cation chosen from the group composed
of Ti**, Sn**, Mn**, Ni**, Co®*, Fe**, Cr®*, Mn>*, Zn>",
Mg**, Ni**, Cu** and Co**;

Ta®* as cation of the base material in combination with at
least one dopant cation chosen from the group composed
of Ti**, Sn**, Mn™**, Ni**, Co®*, Fe**, Cr’*, Mn**, Zn*™,
Mg**, Ni**, Cu** and Co**;

Mn?>* as cation of the base material in combination with at
least one dopant cation chosen from the group composed
of Zn**, Mg**, Cu?*, Co**, Mn** and Fe**;

Co* as cation of the base material in combination with at
least one dopant cation chosen from the group composed
of Zn**, Mg?*, Cu**, Co®*, Mn** and Fe**;

In** as cation of the base material in combination with at
least one dopant cation chosen from the group composed
of Zn**, Mg?*, Sn**, Cu**, Co**, Mn** and Fe**;

at least one cation of the base material chosen from the
group composed of Co**, Fe**, Zn**, Mg?*, Cu**, Ni**
and Mn?* in combination with the Li* cation; and

all the mixtures of the inorganic base materials listed pre-
viously in combination with the compatible dopants
listed previously.

The process of the invention is particularly suitable for
preparing ceramics that have a surface area greater than 4
cm?, and preferably between 5 and 1000 cm?.

Advantageously, during the implementation of the process
of the invention, the mixing of the powders, preferably the
mixing of In,O;, SnO, and ZnO, may be carried out in the
presence of an organic or aqueous solvent or a mixture of at
least one organic solvent and one aqueous solvent.
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The organic solvent may preferably be chosen from the
group composed of alcohols, ketones, ethers and mixtures of
at least two of the latter.

The solvent may preferably be an ether chosen from ether,
ethanol, acetone and mixtures of at least two of the latter.

Preferably, the solvent may be of aqueous type based on
distilled and/or deionized water.

According to another advantageous embodiment of the
process of the invention, the amount of organic solvent used
to carry out the mixing of ceramic powders may be between
5 mland 51 (liters), preferably between 800 and 1200 ml, per
kg of powder mixture.

More advantageously still, 50 ml of ethanol may be mixed
with 0.05 kg of a mixture of In,O;, SnO, and ZnO.

According to another particularly advantageous embodi-
ment of the process of the invention, the resistivity of the
ceramic obtained in said process may be adjusted by control-
ling the level of at least one of the dopants present in the
mixture of powders used as the inorganic base material, said
dopants being as defined separately, or in combination, in the
widest aspect of the invention. Thus ceramics obtained have
low (respectively high) resistivities for high (respectively
low) values of at least one of the dopant inorganic base mate-
rials preferably chosen from the group composed of Zn*,
Mg**, Cu**, Co**, Mn** and Fe**, more preferably still Zn*.
Preferably, the minimum resistivity of the ceramic (which is
around 1.7x107> Q-cm in the case of ceramics containing
7Zn**) is obtained for nominal minimal values of 10 mol % of
the content of at least one of the dopant inorganic base mate-
rials as defined separately or in combination in the widest
aspect of the invention (preferably the dopant is chosen from
the group composed of Zn**, Mg?*, Cu**, Co**, Mn** and
Fe?*, more preferably still Zn**).

According to another variant of particular interest of the
process of the invention, the charge mobility of the ceramic
obtained in said process may be adjusted by controlling the
content of dopants present in the mixture of powders used as
inorganic base material, said dopants being as defined sepa-
rately or in combination in the widest aspect of the invention.
Preferably, the dopant is chosen from the group composed of
Zn**, Mg?*, Cu?*, Co?*, Mn?* and Fe**, more preferably still
Zn**, and the charge mobility increases when the content of
dopants present in the mixture of powders used as inorganic
base material increases (up to 10% in the case of Zn*).

According to another variant of particular interest, the
charge mobility obtained in said process may be adjusted by
controlling the grain (preferably made of Zn) percolation in
the powder mixture used as inorganic base material, high
charge mobilities being obtained for high grain percolation
values, low charge mobilities being obtained for low grain
percolation values.

The process of the invention has, in particular, the advan-
tages of enabling ceramics to be obtained in the form of
pellets, preferably of cylindrical shape. The process of the
invention also has the advantage of being rapid, simple and
inexpensive.

A second subject of the present invention relates to the
ceramics obtained by implementing a process as defined in
the first subject of the present invention.

These ceramics have at least one, preferably at least two,
more preferably at least three, more advantageously still at
least four, and most advantageously at least five of the fol-
lowing properties:

1) an improved macroscopic electrical conductivity, mea-
sured according to the four-point method (four-probe mea-
surements) with a Keithley device (model 2400 Source
Meter), which is greater than 300 siemens per cm, prefer-
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ably greater then 320 and more advantageously still greater

than or equal to 585 siemens per cm;

2) an improved apparent density, measured according to the
mercury porosimeter method, using an Autopore IV 9500
Mercury porosimeter, which is preferably greater than 5
g/cm? (which is the value of the density of a corresponding
ceramic prepared without addition of dopant element by
the conventional method, pressing the powder at 1 t/cm®
approximately, and then annealing at a temperature of
1300° C.), preferably greater than or equal to 6.57 g/cm’®
and more preferably still between 6 and 7.1 g/cm?;

3) a (total) surface area greater than 5 cm?, preferably greater
than 50 cm?, more preferably still greater than 100 cm?;
4) an improved percentage of grain boundary irregularities
which, measured according to the high-resolution electron
microscopy method, is less than 30%, preferably less than

10% of that of a corresponding ceramic prepared without

addition of dopant element by the conventional method;

and

5) a size of the pores present in the ceramic, measured by the
high-resolution SEM method, which is between 0.1 and 0.8
micrometers.

One preferred sub-family of the ceramics of the invention
is constituted by ceramics that have a very high crystallinity
which, measured according to the X-ray diffraction method
(using a Philips PW1820 vertical goniometer in a Bragg-
Brentano geometry with a CuK,_, radiation=1.5406 A; the
size of the crystallites was also determined by a JEOL JSM-
6700F-type scanning electron microscope), preferably corre-
sponds to a crystallite size between 100 and 200 nm and more
preferably to a crystallite size of around 156 nm.

Another preferred sub-family of the ceramics of the inven-
tion is constituted by ceramics having a crystalline structure
of bixbyite type, also known as a c-type rare-earth oxide
structure.

Another preferred sub-family of the invention is consti-
tuted by ceramics having at least one improved electrical
property relative to ITO-type ceramics.

The ceramics of the invention may advantageously have a
conductivity which, measured according to the four-point
method and as a function of the temperature varying from 4.2
K to ambient temperature, is between 200 and 10000, pref-
erably between 300 and 5000 siemens per cm, and more
preferably still around 580 siemens per cm.

Preferably, the ceramics of the invention have improved
electrical properties relative to the ITO-type ceramic.

The ceramics of the invention may advantageously have an
improved charge mobility which, measured according to the
Seebeck effect method, is between 0.01 and 300, and prefer-
ably between 0.1 and 50 cm®/vol-s™.

The ceramics of the invention characterized by a charge
mobility greater than 10.1 cm?/vol's™ have a particular
advantage.

The ceramics of the invention obtained from a mixture
containing 82.23 mol % of inorganic base material of formula
In,0; and 8.66 mol % of dopant SnO, and 9.11 mol % of
dopant ZnO, the latter dopant (ZnO) providing the densifica-
tion, are particularly advantageous and are characterized by:

an electrical conductivity between 300 and 500 siemens

per cm and preferably around 330 siemens per cm;
a density between 6 and 7.1 g/cm?, and preferably around
6.57 g/cm?;

a (total) surface area between 1 and 1000 cm?; and

a percentage of irregularities between 5 and 20%, and
preferably less than 10%.

The conductivity of these ceramics may advantageously be
greater than 70%, preferably between 80% and 100%, and
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more advantageously greater than 90% of the theoretical
conductivity. These ceramics preferably comprise molar per-
centages of SnO, and ZnO between 3% and 15% with a
percentage of ZnO greater than or equal to that of SnO,.
Preferably, the percentage of ZnO is greater than that of SnO,,.

A third subject of the present invention is constituted by the
use of a ceramic obtained by a process as defined in the first
subject of the present invention, or as defined in the second
subject of the present invention, as a target for RF or DC
sputtering and PLD (pulse laser deposition) techniques and
PVD (physical vapor deposition) techniques.

The present invention covers uses in the laboratory and in
industrial production equally well.

A fourth subject of the present invention is constituted by a
process for preparing a transparent and conductive metal film
by sputtering at least one ceramic as obtained by implement-
ing a process as defined in the first subject of the invention, or
as defined in the second subject of the invention.

The sputtering may advantageously be carried out under
temperature conditions between 25 and 500° C., and prefer-
ably at ambient temperature.

The duration of the sputtering may advantageously be
between 1 minute and 10 hours. Preferably, it is around 1
hour.

The sputtering may advantageously be carried out in an
atmosphere predominantly composed of rare gases, prefer-
ably in an atmosphere composed of 99.8% argon and 0.2%
oxygen.

The sputtering power density may preferably be between
0.1 and 15 watts/cm?, preferably around 0.5 watt/cm?.

The distance between the ceramic target and the substrate
on which the thin film is deposited may, preferably, be
between 3 and 15 cm, and it is more advantageously around 7
cm.

A fifth subject of the present invention is constituted by a
transparent film and/or electrode obtained by implementing a
process as defined in the fourth subject of the present inven-
tion. The film may constitute a transparent electrode film or a
transparent film.

In the context of the present invention, a transparent elec-
trode film may be obtained by sputtering onto optoelectronic
devices such as solar cells, organic light-emitting diodes,
flexible OLEDs, polymer-based photovoltaic solar cells, etc.

One advantageous sub-family of films and/or electrodes
according to the present invention may be constituted by films
or electrodes having a transmission coefficient which, mea-
sured according to the method of the transmission spectrum
offilms in the UV/visible/NIR region (recorded using a Carry
5000 type spectrometer in the range 200-2500 nm), is in the
visible range and is between 90 and 100%. Preferably, the
transmission coefficient is greater than 95%.

Preferably, the films or electrodes according to the inven-
tion have a conductivity which, measured according to the
four-point method, is greater than or equal to 1000 siemens/
cm, more advantageously still greater than 2250 siemens/cm.

Another particularly advantageous sub-family of films or
electrodes according to the invention may be constituted by
the films or electrodes obtained from a target ceramic chosen
from the ceramics of formula:

In; 40sSng gosZ1, 1,05_s (conductive) with & preferably
between 0.001 and 0.03, more preferably still equal to
around 0.005;

In, 5471, 160, o, (conductive), Li,Ti, sMg, 5O, 5 (insu-
lating, ie. with a conductivity below 10™* S/cm);
Li Ti, sZn, 5O, 5 (insulating, i.e. with a conductivity
below 10~* S/cm);
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Li,Ti, sNiy sO4, 55 (insulating, i.e. with a conductivity
below 10~ S/cm); and
mixtures of at least two of the latter ceramics.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, 1C, 1D and 1E represent different steps
carried out to produce a high-density ceramic according to the
invention and also photos of a crucible filled with the com-
pacted powder mixture defined in example 1' and the corre-
sponding ceramic obtained after heat treatment of the com-
pacted powder according to the method of the invention.

FIGS.2A and 2B represent a SEM photo of an ITO ceramic
(FIG. 2A) obtained in example 0 according to the prior art
technique and a photo of the ITZO ceramic (FIG. 2B)
obtained in example 1', by treatment of the same powder to
which a dopant element has been added.

FIG. 3 is a diagram representing the conventional (RF)
sputtering process and the various elements involved.

FIG. 4 represents the electrical resistivities obtained for the
ITO ceramic prepared in example O (top curve) and for the
ITZO ceramic prepared in example 1' (bottom curve).

FIG. 5 is an X-ray diffraction pattern for the sintered ITZO
powders having the nominal composition [In,05:Sn;, , o]:Zn,,
0=<y=0.10, (| ) indicating the peaks that correspond to rutile
SnO,.

FIG. 6 shows the displacement of the X-ray peak (222) for
the sintered ITZO powders in comparison with the ITO
equivalent (JCPDS 89-4596 reference pattern).

FIGS.7A, 7B, 7C and 7D represent SEM micrographs for
the ceramics that have the following nominal compositions:
(7A) In,04:8n, ;45 (7B) [In,04:81, ,,]:Z1, o5 (7€) [In,04:
S, 1 0]: 210 pg; and (7D) [10,05:804 10]:Z14 0.

FIG. 8 represents a schematic model of the energy band for
Sn which dopes In,O; for a small and large doping concen-
tration (x) (according to the estimate in document [11] in
which 0.015 mol % is a threshold value).

FIG. 9 represents the change in the resistivity with tem-
perature for various nominal Zn contents (Zn,) in the ITZO
ceramic ([In,05:8n, ,]:Zn,) with 0<y=<0.10, the change in
the resistivity at ambient temperature being shown in the
insert.

FIG. 10 represents the change in the Seebeck coefficient
with temperature for various nominal Zn contents in the ITZO
ceramic ([In,0;:8n, 1,]:Zn,) with 0<y=0.10.

FIG. 11 represents thermogravimetric analysis (TGA) data
for In,05:Sn,,, (ITO) and [In,05:8n, ,o]:Zn, ,, (ITZO)
(nominal composition).

FIG. 12 represents a variation of the relative apparent den-
sity (d/d,) with Zn,, for the [In,05:Sn, ,]:Zn, ceramics.

FIG. 13 is a schematic representation of site b cations and
of site d cations in the bixbyite-type structure, with lattice
anions and structural vacancies.

FIG. 14 represents X-ray diffraction pattern data for (a)
undoped In,O; and (b) In,0,:Sn, , (ITO) powders annealed
at 1300° C., the change in the ITO peak (222) being shown in
the insert, (|, ) indicating the peaks that correspond to rutile
SnO,.

FIGS. 15A, 15B, 15C and 15D are a schematic represen-
tation of the preparation ofthe dense I'TZO ceramic, FIG. 15A
being a photograph of the mixture of lightly pressed powders
in an alumina crucible, FIG. 15B being a photograph of the
dense ITZO ceramic obtained after sintering, showing the
shrinkage, the sintering temperature being 1300° C. for 12
hours, FIGS. 15C and 15D being diagrams corresponding to
the photographs.
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FIG. 16 represents the change in the resistivity with tem-
perature for various nominal Zn contents (Zn,) in the ITZO
ceramic ([In,05:8n, ,4]:Zn,) with 0<y=<0.10, y=0 (In,O;:
Sn, o) representing the ITO ceramic.

FIG. 17 represents the influence of the power density on the
deposition rate of ITZO thin films (p,=0.2%).

FIG. 18 represents the partial pressure of oxygen on the
deposition rate of ITZO thin films (P=1 W/cm?).

FIG. 19 represents the transparency spectrum for ITZO
thin films deposited at various power densities (p,=0.2%),
the film thickness being fixed at around 400 nm for all the
films, the insert showing the extended visible region display-
ing transparency.

FIG. 20 represents the determination of the optical energy
of'the forbidden band for the ITZO thin film at various power
densities.

FIG. 21 represents the optical transmission for various thin
films prepared under diverse partial pressures of oxygen
(P=0.5 W/cm?), the thicknesses of the films being between
250 and 280 nm.

FIG. 22 represents the determination of the optical energy
of'the forbidden band for the ITZO thin film deposited under
various partial pressures of oxygen.

FIG. 23 represents the change in the resistivity with the
power density (p,,=0.2%).

FIG. 24 represents the change in the resistivity as a function
of the partial pressure of oxygen for the thin films (P=0.5
W/em?).

FIG. 25 represents the X-ray diffraction pattern of ITZO
thin films on a glass substrate at various power densities, the
X-ray diffraction pattern of ITO (reference JCPDS No.
89-4956) being given by way of comparison (vertical lines).

FIGS. 26A, 26B and 26C represent the SEM micrographs
for the ITZO thin film deposited with an RF sputtering power
of 0.5 W/em?® (FIG. 26A), 1.5 W/cm? (FIG. 26B) and 2.5
W/em? (FIG. 26C).

FIGS. 27A, 27B and 27C represent the AFM images for the
ITZO thin film deposited at various sputtering powers: 0.5
Wiem?® (FIG. 27A), 1.5 W/em? (FIG. 27B) and 2.5 W/cm?
(FIG. 27C), at various scales of the z axis.

FIGS. 28A and 28B represent the AFM images for the
ITO-glass film (FIG. 28A) and the ITZO-PET film (FIG.
28B), at various scales of the z axis.

FIG. 29 represents the X-ray diffraction patterns for the
ITZO thin films on a glass substrate (ITZO-glass), or on the
plastic substrate (ITZO-PET, the X-ray diffraction pattern of
the PET substrate being given by way of comparison.

FIG. 30 represents the optical transmission for [ITZO-glass
thin films which have different thicknesses, the transparency
of ITO-glass being given by way of comparison.

FIG. 31 represents the optical transmission for [TZO-PET
thin films which have different thicknesses, the transparency
of ITO-PET being given by way of comparison.

FIG. 32 represents the optical IR reflection for the ITZO
thin films deposited on substrates made of glass (ITZO-glass
(260 nm)) and made of plastic (ITZO-PET (260 nm)), the
reflectivity curves of commercial [TO-glass (100 nm) and
ITO-PET (200 nm) being given by way of comparison.

FIG. 33 shows the change in the resistivity with tempera-
ture for ITZO thin films deposited on a substrate made of
plastic (ITZO-PET) and made of glass (ITZO-glass), the film
thickness being 260 nm.

FIG. 34 shows the material used for implementing the
“ball-milling” method used in the examples.
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DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Within the context of the present disclosure, the following
aspects are considered.

The inorganic material forming the target base element
may be most particularly an oxide, but it may also be an
oxyhalide such as an oxychloride and/or oxyfluoride and/or
oxysulfide and, in particular, an oxide having one or other of
the formulae EakOﬁz" and quTy"Ozz".

The purpose of the doping created in the base material is to
generate anion vacancies in the base material, thus promoting
the production of dense ceramics (having a density between
70 and 100% and preferably greater than or equal to 90%). It
is therefore necessary, in accordance with the invention, that
the cation of the dopant has a degree of oxidation m (real
number) that imperatively is below that of the cation in the
base material, that is to say m<k in EakOﬁz" and m<q and/or
m<n in quTy"Ozz". The formulae of the materials that are
doped and that therefore have anion vacancies favorable to
sintering without (or with low) prior compacting, may thus be
written, with J denoting the dopant and m its degree of oxi-
dation:

1) for EakOﬁz" which denotes the base material:
B 17" Op ey Dhettimmy2 Which denotes the doped
material, with:
the anion vacancies denoted by [J;

x' which denotes the degree of substitution is less than o

(preferably greater than or equal to 0.005a); and

2) for quTy"Ozz" which denotes the base material: the for-
mula M, 21."T O, ., m o2 Leitg-my2 OF MT, .~
170, iy el {rmy/> @0d/0r a combination of the two

formulae which denote the doped material, with:

x' which denotes the degree of substitution which

is less than x in the formula M, .71 "T”

O, q_m)/zz"Dx,(q_m) » as indicated in the disclosure

(preferably greater than or equal to 0.005%);

is less than y in the formula M/JT, . "J."

OZ_X,(n_m)/zz"Dx'(n_m) />, preferably x' being greater than

or equal to 0.005y.

It will be observed that the anion vacancies that are created
do not bear a charge, whereas the other elements bear a
charge, for example oxygen bears the negative charge 2-; the
cation M bears the positive charge q; the cation T bears the
positive charge n; etc.

The process according to the present invention makes it
possible to prepare, from an inorganic base material, a target
element for sputtering. It consists in adding, to the inorganic
base material, another inorganic material of dopant type. This
inorganic material advantageously contains one or more cat-
ions preferably having a degree of oxidation below the cation
(or cations) constituting the inorganic base material.

The powder mixture thus obtained is not subjected to any
particular force or only to those necessary for carrying out a
light compacting thereof.

The atomic ratio of the dopant relative to that of the inor-
ganic base material preferably varies between 0.005 and 0.2,
and it is advantageously located between 0.05 and 0.06.

The inorganic base material thus doped is simply placed in
the form of a compacted or non-compacted powder in a
suitable crucible or mold, that withstands high temperatures,
preferably up to 1600° C. Such a crucible or mold may be, for
example, based on alumina. The sintering of the doped inor-
ganic material, thus positioned, takes place when the crucible
or mold is brought to a high temperature (above 800° C. and
below the melting point of the base material).

x'
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It has been found that, unexpectedly, the sintering leads to
a ceramic that is sufficiently dense to be able to be used as a
target or target element for sputtering.

Without being bound by theory, the formulae are presented
in this disclosure as being a representation of the preferred
ceramics obtained by the implementation of the processes of
the invention.

Inthe formulae, E is at least one metal from groups [ to VIII
of'the Periodic Table of the Elements, for example Fe, Cu, Co,
Ni, W, Mo, Ti, Cr, Sn and In. M and T denote at least two
different metals from the Periodic Table, for example Li, Na,
K, Ag, Cu and T1 for M and Ni, Co, W, Mn, Cr, Fe, V and Ti
for T. The symbols k, q and n denote the average degrees of
oxidation of E, M and T respectively. The parameters . and §
are positive integers that satisfy the formula ak-2=0 and x,
y and z denote positive integers such that qx+ny-2z=0.

As examples of such oxides mention may be made, non-
limitingly, of TiO,, In,O;, Li,TisO,,, M0oO;, Cr,0;, Fe,0;,
LiNiO,, L1, CrO,, Li,CoO, and LiFeO,.

The dopant J, responsible for the densification, is prefer-
ably at least one metal from groups I to VIII of the Periodic
Table but which imperatively has, in the cation state, a degree
of oxidation m below that of one of the elements-cations of
the base material, namely: O<m<k for EakOﬁz" and 0<m<q
and/or 0<m<n for M,?T,0_*".

It has surprisingly been discovered that doping of the
EakOﬁz‘ compound with an oxide (or halide or oxyhalide)
having the dopant element J” partially substituted for E, in the
aforementioned proportions referred to here as x' (with x'
strictly less than o, i.e. 0<x'<a), generates the formation of
anion vacancies y[, according to E(a_x)ka’"O _yz"Dy; y is
then strictly a positive number less than f§ such that 2y=x'(k-
m), i.e. y=x'(k-m)/2. For example, for TiO,, the dopant may
be ZnO or MgO. Specifically, the zinc and magnesium have a
degree of oxidation equal to +2, that is to say less than the
degree of oxidation of -4 of titanium. In the case of MgOused
as a dopant for example, it will be written: Ti, _ Mg O, 1.,
for TiO, thus doped. The index x' may vary between 0.0053
and 0.2 and preferably varies from 0.05 to 0.06, which cor-
responds substantially to a dopant level, measured per mole
(or atom) of Ti, or per mole of TiO,, between 0.5 and 20%,
and preferably from 5 to 6%.

These anion vacancies which are neutral, that is to say
uncharged, favor the densification of the final material
obtained during its heating or annealing under the aforemen-
tioned conditions. Similarly, the doping of the quTy"Ozz‘
compound with an oxide (or halide or oxyhalide) having the
dopant element J” partially substituted for T, in the aforemen-
tioned proportions referred to here as x' (with x' strictly less
than y), seems to generate the formation of anion vacancies
y[, according to quT(y_xg"Jx,’"O(x_y)z‘Dy; y is then strictly
a positive number less than z such that 2y=2x'(n-m), i.e.
y=x'(n-m)/2. Furthermore, and in a similar manner, the dop-
ing of the quTy"Ozz" compound with an oxide (or halide or
oxyhalide) having the dopant element J™ partially substituted
for M, in the aforementioned proportions referred to here as x'
(with X' strictly less than x), seems to generate the formation
of anion vacancies y[], according to M(x_xqux,’"Ty"O(Z_xgz‘
0, y is then strictly a positive number less than x' which
satisfies the equation 2y=x'(q-m), i.e. y=x'(q—-m)/2. The J
dopant (or dopants) may be partially substituted both for M
and T. The corresponding formulae then result from the com-
bination of the two aforementioned formulae. These anion
vacancies favor the densification of the final material
obtained during its heating or annealing under the aforemen-
tioned conditions.
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For example, for Li,Ti;O,,, the dopant may be ZnO or
MgO since zinc and magnesium have a degree of oxidation
equal to +2, that is to say less than the degree of oxidation of
+4 of the titanium.

In the case of MgO used as a dopant for example, it will be
written: Li,Tis_ Mg O, [ for Li,Ti;O thus doped, x'
may vary between 0.025 and 1 and preferably is equal to
0.25-0.3, which corresponds substantially to a dopant level,
measured per mole (or atom) of Ti between 0.5 and 20%, and
preferably from 5 to 6%.

When the process of doping with zinc Zn* or other cations
(Mg**, Cu?* etc.) having a degree of oxidation lower than that
of'the base oxide is applied to the following oxides, they result
in novel oxides, especially those which have doping levels
between 0.5 and 20% and preferably between 5 and 6%:

TiO,, MoO;, WO, Cr,0;, Fe, 0,4, Li NiO, with x between

0.1 and 2 and preferably equal to 1, Li,CrO, 5 with x
between 1 and 2, and preferably equal to 1, LiFeO,; and

Li,Ti5O,,, for which the titanium is in the average degree

of oxidation of +4, doped with Ni** and/or Ni**; a co-
doping with Zn/Ni is also novel. The dopant level is the
aforementioned (between 0.5 and 20% and preferably
from 5 to 6%).

According to one preferred embodiment of the invention,
the films (or electrodes) are prepared by sputtering from
ceramics  (or targets) of novel composition
In, 50581, go5Zn, ;605. They give rise, including on a plastic
carrier such as PET, to transparent (90% transmission in the
visible range) and conductive (>1000 siemens/cm) electrodes
that have remarkable performances.

This material has a density of 6.57 g/cm®, which corre-
sponds to 92% of the theoretical density, measured according
to the mercury porosimeter method (Autopore IV 9500 Mer-
cury Porosimeter). This density is amply sufficient so that the
ceramics can be used as a target for sputtering. Below 70% of
the theoretical density, the targets tend to crack during the
sputtering and, furthermore, the plasma does not always
remain homogeneous during the sputtering process leading to
films that are inhomogeneous in composition, and therefore
unreproducible. This is not the case for densities greater than
70%, and preferably greater than 80% as is the case here,
since the density is greater than 90%.

The density of a corresponding ceramic prepared without
addition of dopant element via the conventional method
(pressing of the powder at 1 t/cm® approximately, and then
annealing at a temperature of 1300° C.)is 5 g/cm®, i.e. 70% of
the theoretical density. Under these conditions, it has been
observed that it is impossible to prepare a ceramic without the
aforementioned dopants by the method according to the
invention.

It is furthermore stated that the commercial ITO ceramics,
which have a density of around 90%, are prepared by the
heavy-duty and expensive “hot-pressing” technique of the
prior art.

The process of the present invention therefore makes it
possible to prepare ceramics that have densities at least as
high, in a manner that is much more flexible, simple and less
expensive than the techniques known from the prior art.

Another advantage is that it is thus possible to prepare, by
the method of the invention, ceramics having a large surface
area which may be greater than 100 cm®, on condition of
using the aforementioned dopants.

Finally the ceramics thus obtained have original intrinsic
features especially including a pore size which is substan-
tially greater (generally by 3 to 10%, preferably by 4 to 5%)
than that of similar ceramics from the prior art, although
having comparable electrochemical conductivities.
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It is possible that there are other explanations for explain-
ing the high density of the ceramic materials obtained.

EXAMPLES

The examples explained below are given by way of illus-
tration only and should not be interpreted as constituting any
limitation of the subject of the present invention.

Example 0
Preparation of a Commercial-Type ITO Ceramic

In order to prepare the circular ITO target (ceramic) (FIG.
2A) having a diameter of 5 cm and of In; 4Sn, ;O; composi-
tion and having a weight equal to 50 g, the experimental
protocol detailed below was followed.

Step 1) 47.3173 g of In,0; and 2.6827 g of SnO, were
mixed using the well-known technique of “ball-milling” with
the 05.600 FRITSCH apparatus; for this purpose, the afore-
mentioned mixture of powder was put into one of the two
agate grinding bowls from FIG. 34 each containing 50 agate
balls having a diameter of 8 mm; 30 ml of ethanol was added;
it was covered with an agate lid as indicated in the figure; the
“ball-milling” was then carried out for 3 hours at 250 rpm as
indicated in the figure. The powder thus mixed in ethanol was
then put into a beaker and the powder was dried by heating it
at 110° C. for 8 hours in air.

Step 2) The powder was placed in a cylindrical stainless
steel mold having an internal diameter of 60 mm and the
powder was pressed at 25 tonnes/cm? for 10 minutes. A com-
pacted target was thus obtained.

Step 3) The compacted target was gently (since it is very
fragile) conveyed to an alumina carrier and the carrier with
the target was heated at a rate of 300° C. per hour in a muffle
furnace, shown on the left-hand side of the image, until the
temperature of 1300° C. was reached, which was held for 12
hours; next it was cooled at a rate 0o£300° C. per hour. Then the
desired I'TO ceramic (FIG. 2A) was obtained that can be used
for sputtering.

Example 1

ITZO Targets for the Preparation of Transparent and
Metallic Electrodes for Optoelectronic Devices

According to afirst preferred embodiment of the invention,
when the inorganic base material is the oxide In,O; or tin-
doped In,O; (commonly known as ITO), for which indium is
in the average degree of oxidation of +3, the dopant may
advantageously be zinc oxide or magnesium oxide (prefer-
able to a zinc or magnesium halide or oxyhalide, even if the
latter have a certain advantage) for which the degree of oxi-
dation of the zinc or of the magnesium is +2, that is to say
lower than that of +3 of the indium.

Even when the molar ratio of the dopant relative to that of
the indium oxide is as low as 0.06, sufficiently dense ceramics
for being able to be used as a target or target element for
sputtering are obtained by simple heating (which may be in
air) at temperatures above 1100° C. (ideally 1300° C.) fol-
lowing the aforementioned method and when said assembly
is held at this temperature for a sufficient duration to convert
the precursor system to said inorganic ceramic material.

Furthermore, these ceramics have a sufficiently high elec-
trical conductivity so that DC-mode sputtering (adapted to the
industrial scale) can advantageously be used. Thus obtained
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by DC (or RF) sputtering from these targets are films having
optoelectronic properties at least equal to those of commer-
cial ITO ceramics.

Example 1'

ITZO Degenerate Semiconductor for Preparing
Transparent and Metallic Electrodes for
Optoelectronic Devices

In order to prepare the ITZO targets, in the example circu-
lar targets having a diameter of 5 cm and an
In; 40sSng gesZn, 1,05 composition and having a weight
equal to 50 g, three successive steps were followed according
to the experimental protocol detailed below.

Instep 1)45.8881 gofIn,0,,2.6217 gof SnO, and 1.4902
g of ZnO were mixed using the well-known technique of
“ball-milling”; for this purpose, the aforementioned mixture
of powder was put into one of the two agate grinding bowls
from FIG. 34 each containing 50 agate balls having a diameter
of 8 mm; 30 ml of ethanol was added; it was covered with an
agate lid as indicated in FIG. 34; the “ball-milling” was then
carried out for 3 hours at 250 rpm as indicated in the figure.
The powder thus mixed in ethanol was then put into a beaker
and the powder was dried by heating it at 110° C. for 8 hours
in air.

In step 2), the powder was then placed, by pressing by hand
with a 3 cm diameter stainless steel cylinder, in a flat-bot-
tomed alumina container having a diameter of 75 mm (FIG.
1D).

In step 3) the container was heated at a rate of 300° C. per
hour in a muffle furnace, presented on the left-hand side of the
image, until the temperature of 1300° C. was reached which
was held for 12 hours; next it was cooled at a rate of 300° C.
per hour. Then the desired ceramic (FIG. 1E) was obtained
that can be used for sputtering.

The density of the ceramics obtained in step 3, measured
with a mercury porosimeter (AutoPore IV 9500), was 91% of
the theoretical density. Their electrical resistivity that is
advantageously very low, lower than that ofthe ITO ceramics,
is illustrated in FIG. 4.

These particularly advantageous features confirm that the
ITZO ceramics of the present invention may advantageously
be used industrially in DC sputtering.

Example 2

Targets for the Preparation of Electrodes for
Electrochemical Devices (Microgenerators,
Electrochromic Devices)

According to a second preferred embodiment of the inven-
tion, when the inorganic base material is the oxide Li, Ti50,,,
for which the titanium is in the average degree of oxidation of
+4, the dopant may advantageously be the zinc oxide ZnO or
the magnesium oxide MgO or a transition metal oxide such as
NiO or Ni,0;, for which the degree of oxidation of the zinc or
of the magnesium is +2, that of the nickel +2 or +3, that is to
say below that of +4 of the titanium. Even when the molar
ratio of the dopant relative to that of the indium oxide is as low
as 0.06, sufficiently dense ceramics for being able to be used
as a target or target element for sputtering are obtained by
simple heating (which may be in air) at temperatures above
1100° C. (ideally 1300° C.), following the aforementioned
method. It is thus possible to obtain by RF sputtering of these
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targets films that can advantageously be used as electrodes for
microgenerators (lithium batteries) or for electrochromic
devices.

Example 2'

Target Based on Li,Ti;0, , Doped with Zn for
Preparing Electrodes for Microgenerators and for
Electrochromic Devices

The experimental protocol used for ITZO was used with
the difference that the starting products were lithium carbon-
ate, titanium dioxide and zinc or magnesium monoxide.

Thus, in order to prepare the targets based on Zn-doped
Li,Ti50,,, in the example circular targets having a diameter
of 5 cm and an Li,Ti, ,,Zn, 5,0, ; composition and having
a weight equal to 50 g, three successive steps were followed
according to the experimental protocol detailed below.

In step 1) 16.07 g Li,CO; (corresponding to 6.50 g of
Li,0), 40.85 g of TiO, and 2.65 g of ZnO were mixed using
the well-known technique of “ball-milling”; for this purpose,
the aforementioned mixture of powder was put into one of the
two agate grinding bowls from FIG. 34 each containing 50
agate balls having a diameter of 8 mm; 30 ml of ethanol was
added; it was covered with an agate 1id as indicated in FIG. 34;
the “ball-milling” was then carried out for 3 hours at 250 rpm.
The powder thus mixed in ethanol was then put into a beaker
and the powder was dried by heating it at 110° C. for 8 hours
in air.

In step 2), the powder was then placed, by pressing by hand
with a 3 cm diameter stainless steel cylinder, in a flat-bot-
tomed alumina container having a diameter of 75 mm.

In step 3) the container was heated at a rate of 300° C. per
hour in a muffle furnace, presented on the lefi-hand side of the
image, until the temperature of 1300° C. was reached which
was held for 12 hours; next it was cooled at a rate of 300° C.
per hour. Then the desired ceramic (FIG. 1E) was obtained
that can be used for sputtering.

The density of the ceramics obtained in step 3, measured
with a mercury porosimeter (AutoPore IV 9500), was 93% of
the theoretical density. Their electrical resistivity was high, of
the order of 107 Q-cm, confirming the insulating nature of the
ceramics. Therefore, the ceramics will have to be used indus-
trially in RF sputtering.

The tests carried out demonstrate that the invention pro-
vides a simple, rapid and inexpensive process for preparing a
target element of the ceramic type for sputtering constituted
of an inorganic material having a melting point above 300° C.
Such a process may be carried out by persons who do not have
particular competencies in the ceramic or sintering art and it
easily leads to the production of targets or target elements that
especially make it possible to easily produce targets of large
surface area.

Industrialists prepare targets such as ITO by hot-pressing;
this is one of the reasons why the targets are expensive. The
products (ceramics) prepared according to the invention are
therefore less expensive and also appear novel due to the fact
that the “accelerated sintering” by the addition of elements
such as, for example, ZnO in ITO or in indium oxide (de-
scribed in the disclosure) substantially increases the electrical
conductivity of the ceramics (when doped with 2 mol % of
7Zn0O, the conductivity of ceramic ITO is approximately
doubled); this is because, surprisingly, it appears that the
percolation between the grains is improved and that grain
boundary problems that impair the macroscopic conductivity
are further avoided. The SEM photos from FIGS. 2A and 2B



US 9,120,708 B2

19

show an industrial ITO ceramic with grain boundaries, and
the ITO ceramic of the invention, doped with zinc.

Example 3

Ceramic of In; ¢4,S1, 49570, .05 Composition, Pre-
pared Under Similar Experimental Conditions Used
in Example 1'

The ceramic of In; 44,50, g9571, 1,05 composition is pre-
pared as follows:

Step 1)46.7410 g 0ofIn, 05, 2.6704 g of SnO, and 0.5886 g
of ZnO were mixed using the well-known technique of “ball-
milling” (see FIG. 34); for this purpose, the aforementioned
mixture of powder was put into one of the two agate grinding
bowls from FIG. 34 each containing 50 agate balls having a
diameter of 8 mm; 30 ml of ethanol was added; it was covered
with an agate lid as indicated in the figure; the “ball-milling”
was then carried out for 3 hours at 250 rpm as indicated in the
figure. The powder thus mixed in ethanol was then put into a
beaker and the powder was dried by heating it at 110° C. for
8 hours in air.

Step 2) The powder was then placed, by pressing by hand
with a 3 cm diameter stainless steel cylinder, in a flat-bot-
tomed alumina container having a diameter of 75 mm (FIG.
1D).

Step 3) The container was heated at a rate of 300° C. per
hour in a muffle furnace, presented on the left-hand side of the
image, until the temperature of 1300° C. was reached which
was held for 12 hours; it was then cooled at a rate of 300° C.
per hour. The aforementioned low-density ceramic was thus
obtained that cannot be used as a target for sputtering.

The ceramic of In; 44,50, 405720, 1,05 composition thus
obtained has a density, measured by the aforementioned tech-
nique, of 2.76 g/cm>, which only represents 40% of the theo-
retical density which is considerably below the limit of 70%
that corresponds to the possibility of using as a target for
sputtering.

The conductivity of this ceramic is equal to 50 siemens per
cm only, measured by the aforementioned technique; it is thus
6 times lower than that of In; 3,sSn, g95Z1; ;,O5.

Example 4

Ceramic of In, g,,8n, 450704 09505_s Composition,
Prepared for the Application of Films Deposited by
Sputtering onto Glass and PET Substrates

The ceramic of In, 4,551, 55021 0osO3_s COMposition is
prepared as follows:

Step 1) 50 g of In, 05, SnO, and ZnO powders, in suitable
amounts, according to the optimized composition of the
[In,05:Sng ;0]:Zn, ;o ceramic, were mixed using the well-
known technique of “ball-milling”; for this purpose, the
aforementioned mixture of powder was put into one of the
two agate grinding bowls each containing 50 agate balls hav-
ing a diameter of 8 mm; 30 ml of ethanol was added; it was
covered with an agate 1id as indicated in the figure; the “ball-
milling” was then carried out for 3 hours at 250 rpm as
indicated in FIG. 34. The powder thus mixed in ethanol was
then put into a beaker and the powder was dried by heating it
at 110° C. for 6 hours in air.

Step 2) The powder was lightly pressed by hand in a flat-
bottomed alumina container having a diameter of 82.56 mm
(FIG. 15A).

Step 3) The container was heated at a rate of 300° C. per
hour in a muffle furnace, until the temperature of 1300° C.
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was reached which was held for 12 hours; next it was cooled
at a rate of 300° C. per hour. Thus the ceramic having a
relative density of around 92% was obtained. A ceramic hav-
ing a final diameter of 50 mm was obtained after the sintering
and polishing steps.

The ITZO films deposited by sputtering on the PET sub-
strates had higher optoelectronic performances than the com-
mercial-type ITO films. In terms of optical properties, the
ITZO films had a high visible transparency (greater than 86%
for the films deposited on a glass substrate and greater than
80% for those deposited on a PET substrate). The resistivity
of these films was low (around 4.4x10™* Q-m for the films
deposited on glass and of the order of 4.7x10~* Q-m for the
films deposited on PET) compared to those of the commer-
cial-type ITO films deposited on the same substrates.
Characterization of the Structures

The characterizations carried out show, in particular, that
the co-doping of In,O; with Sn** and Zn** (ITZO) forms a
solid solution, that makes it possible to prepare novel highly
dense and conductive ITZO ceramics. It is thus established
that the co-doping, in particular with the zinc, makes it pos-
sible to prepare a highly dense ceramic target and a large
conductive surface area suitable for both types of DC and RF
sputtering. The synthesis of such a target has thus been able to
be carried out successfully by direct sintering of the powder
mixture placed in a suitable container without using a cold or
hot (expensive) pressing procedure. The ITZO thin films
deposited on glass and plastic substrates were then deposited
at ambient temperature using the ceramic target with the
optimized composition. The influence of the sputtering con-
ditions on the optoelectronic properties of the films was also
established.

Preparation of the ceramics—In,O; (99.99%, Aldrich),
Sn0O, (99.9%, Aldrich) and ZnO (99.9%, Aldrich) powders
were used to prepare ITZO ceramics. Suitable amounts of
selected oxides were milled by ball-milling for 30 min in an
agate bowl containing agate balls and ethanol. The alcohol
was then evaporated at 110° C. for 6 hours. After drying, the
powder was ground in an agate mortar and a cylindrical
crucible made of alumina having a diameter of 16 mm was
filled with it, and it was then pressed by hand. The mixed
powder, with which the crucible was filled, was finally sin-
tered at 1300° C. in air for 12 hours. The dimensions of the
granules obtained were measured with digital vernier cali-
pers, and the granules were weighed using an analytical bal-
ance, these measurements allowing the apparent densities of
the granules to be estimated.

Chemical composition and apparent density—According
to the literature [11, 28, 31-35], the best conductivity results
were obtained for an amount of Sn** which varied from ~6-10
mol % in In,O;, depending on the synthesis conditions. The
Sn** content in the present ceramics was set at 10 mol % and
the initial Zn** content varied in the co-doped ceramic from
0-10 mol %. For reasons of clarity, a simplified sample iden-
tification underlining the influence of the doping of Znin ITO
has been adopted (Table I).

The EPMA results, reported in Table I, show that there is
good agreement between the final compositions of the
ceramic after sintering and the nominal starting composi-
tions. The Zn content in the final composition of the ceramic
having the nominal composition In,O5:7n, o, (1ZO) reaches
~1.4 mol %. It should be noted that this value is consistent
with the reported solubility limit of ZnO in In,O5 (~1-2 mol
%) [24, 36]. A slight loss of SnO, that varies from ~0.5-1 mol
% (which corresponds to ~0.27 to 0.54 wt %) is also observed
for the two ITZO and ITO ceramics (Table I).
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Table I presents: chemical composition of the ceramic and
apparent density for the (ITZO) ceramics [In,O5:Sn, ,,]:Zn,,
0<y=0.10. The reported apparent densities were deduced by
measuring the dimensions and the weights of the granules. It
should be noted that the granules are prepared by pressing by
hand the powder mixture in an alumina crucible. The data for
In,0;:Zn have only been given by way of comparison. 8/2
indicates the neutral oxygen vacancy created by doping with
Zn, the value of §/2 varying with the Zn content.

TABLE I

22

to fluorite (CaF,) by removing a quarter of the anions and by
allowing small changes of the ions [40]. The indium cations
are located at two non-equivalent sextuple positions, referred
to as “b” and “d” (FIG. 13). The site b cations (8) are bonded
by two structural vacancies along the diagonal of the cube.
The site d cations (24) are bonded by two structural vacancies
along the diagonal of one face. It should be noted that these
structural vacancies (16) are in fact free interstitial oxygen
positions.

Composition of the

Sample
identification

Starting
mixture

ceramic determined
by EPMA * 0.005

EE3

In,03: Zng o (I0503)0.00 + (Z00)g o7
In;03: 8ng 10 (ITO) (Iny03)0.05 + (SnO2)0 1
[In;03: Sno sol: Zngoa  [(IN303)0.05 + (S102)0.1]0.08 + (ZnO)g 04
[In;03: Sno s0]: Zngos  [(IN203)0.05 + (S102)0.1]0.07 + (ZnO)g 05
[In;05: 8ng yo]: Zng g5 [(In;03)g,95 + (Sn05)g.1]0.06 + (Z00) 05
[In;03: Sno sol: Zng 10 [(IN203)0.05 + (S102)0.1]0.05 + (ZnO)o 10

I} 986Z116,01402 993872

In; 91051009003

In; §56510.089210.04503 272
In; 847510.091210.06303 272
In; 657806 000Z16,08303_572
In; §15500.090Z10.00803 272

3.03
2.52
3.50
3.92
4.87
6.57

** Apparent density (g/cmS) +0.05

These results are confirmed by thermogravimetric analysis
(TGA) obtained for the ITO and ITZO ceramics (FIG. 11). A
small weight loss (0.28 wt % for [In,05:8n, ,,]:Zn, ,, and
0.35 wt % for In,O5:8n,, , ;) is observed between 340° C. and
800° C. corresponding to the departure of Sn. Furthermore, a
weight loss (~0.6 wt %) is observed between ambient tem-
perature and ~340° C. which is linked to the release of water
(adsorbed water and hydroxyl groups). Finally, the slight
weight loss observed for the temperatures above 820° C. may
be attributed to a partial departure of oxygen. However, a
small weight gain is observed, mainly for ITO, during the
cooling of the ceramics, probably due to a partial re-oxidation
(FIG. 11).

The IZ0 ceramic having the nominal composition In,0;:
7n,, 4, (Table T) has a low density: ~3.03 g/cm?; it corresponds
to only 42% of the theoretical density of In,Oj;. This indicates
that the concentration of Zn in IZO, corresponding to the
solubility limit of Zn in In,O;, is not sufficient to induce a
high densification when the granule is prepared by the
method in question (pressed by hand) [36]. However, for the
ITZO ceramics, it has emerged that the apparent density
increases from 2.52 to 6.57 g/cm® (reaching 92% of the theo-
retical density) when the Zn concentration increases from
4-10 mol % [37]. From Table I and FIG. 12, the highest
density is observed for the ceramic co-doped with almost
equal amounts of Zn and Sn (around 10 mol %). The improve-
ment in the density must be correlated to the presence of Zn**
in the substitutional position (as occurs for AZTO ceramics
[38]), which leads to the formation of neutral oxygen vacan-
cies (0/2) according to:

In27xfy763+Snx4+zny+62+037(6/2)27D6/2[('x_y)eC.Bi] (a)

Specifically, as was observed for AZTO, the neutral oxy-
gen vacancies promote mass transfer at the grain boundary
resulting from the densification of the ceramic. However, the
presence of Zn>* in the substitutional position will compen-
sate for the free carriers produced by the doping with Sn**
[according to the formula (a)] resulting from the net charge
concentration per unit of formula equal to “x-y”.

Structural characterization—Indium oxide has the bixby-
ite-type cubic structure (also known as c-type rare-earth oxide
structure) which has a unit cell of 80 atoms (In;,0,5) with the
space group Ia3 and a lattice parameter equal to 10.117 A
[39]. This structure may be derived from the structure related
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ITO (In,04:Sn)—The X-ray diffraction patterns for In,O,
and ITO (nominal composition In,0;:Sn,,,) powders
annealed at 1300° C. are shown in FIG. 14. For ITO, several
peaks of extra-low intensity are observed that correspond to
rutile SnO,, in addition to peaks characteristic of the bixbyite-
type structure of ITO (JCPDS 89-4596 reference diagram).
The ratio between the ITO peak of highest intensity and the
SnO, peak of highest intensity is 1/~0.03. This is due to the
solubility limit of SnO, in In, 05 (6 mol %) at 1300° C., as has
been demonstrated by Enoki et al. [35, 36]. Furthermore, a
pronounced decrease in the full width at half maximum
(FWHM) of the peaks for the ITO powder compared to In,O,
(JCPDS 71-2194 reference diagram) is observed, indicating
an improvement in the crystallinity for doped In,O;. For
example, when considering the peak (222), which is the most
intense peak, it emerges that the full width at half maximum
decreases from 0.278 for In,O; to 0.083 for ITO. This
improvement in the crystallinity seems to be linked to the
increase in the carrier concentration for In,O; doped with tin
(Sn). A similar observation has also been reported previously
for ATO. Finally, a slight change in the main diffraction peaks
of ITOis noted toward smaller angles compared to pure In,O;
(FIG. 14), which takes into account a slight increase in the
unit cell parameter of from 10.117 A for In,0, 10 10.123 A for
ITO. This behavior is not expected when considering the
substitution of one part of In** by Sn** because Sn** has an
ionic radius (0.69 A) which is smaller than In** (0.80 A) [41].
Thus, the increase in the cell parameter could be linked to the
high electron carrier concentration in the conduction band
and/or to the presence of cations in interstitial positions.

ITZO (In,O0,:8n:Zn)—The X-ray diffraction pattern for
the ITZO powders sintered (annealed according to GDT) at
1300° C. (FIG. 5) shows that they are very well crystallized
and that they adopt the bixbyite structure of I'TO. No supple-
mentary peak corresponding to the structures ZnO_ or
Zn,In,0;, . 1s observed when the Zn content is increased up to
10 mol %. Nevertheless, it emerges that the minor peaks
characteristic of the SnO, structure observed with those of the
ITO structure gradually disappear with an increase of the Zn
content up to a value of y=6 mol %. This confirms the increase
in solubility for both Zn and Sn when they are co-doped in
In,0; (25, 36]. Specifically, the increase in the solubility is
attributed to the isovalent substitution of two In** by one Zn*
and one Sn**. A slight increase in FWHM is also observed
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during the increase of the Zn content. This change is very
probably due to the reduction in the carrier concentration with
the increase of Zn (as will be shown later). Finally, a displace-
ment of the main peaks of the diffraction is noted toward a
higher angle which increases with the Zn content (FIG. 6),
inducing a reduction in the cell parameter ‘a’ (Table II). This
change should be attributed to the existence of Zn>* in sub-
stitution positions increasing with the Zn content as has
already been suggested in the formula (a) above. In fact, the
Zn** that is coordinated (six times) has an ionic radius (0.74
A) which is smaller than that of In>* (0.80 A) [41].

Table II presents the change in the cell parameter with the
Zn content for sintered ITZO powders. The ITO cell param-
eter is added as a reference.

TABLE I
Sample identification a(A)
In,0;5: Sny o ITO) 10.123
[In;O3: Sng 10]: Zng o4 10.114
[In;O3: Sng 10]: Zng o6 10.107
[In;O3: Sng 10]: Zng o8 10.104
[In,O3: Sng jol: Zng 10 10.097

The change in the surface morphology of the ceramic with
the Zn content is presented in the SEM micrographs (FIG.
7A-D). It has been found that when the Zn content increases
in the ceramic, the grain percolation increases and the poros-
ity decreases. This confirms the gradual increase of the den-
sity with the Zn content (see Table I and FIG. 12). The highest
density (~6.57) was observed for the ceramic which has a
nominal Zn content of 10 mol % ([In,O5:Sn, ,,]:Zng o),
which has almost complete grain percolation (FIG. 7A-D). In
fact the co-doping of In,O; with Zn and Sn leads to the
presence of neutral oxygen vacancies (8/2) according to:

In17xfy763+Snx4+zny+62+o27(6/2)27D6/2[('x_y)eCBi] (formula (a))

which allows a mass transfer to the grain boundaries and thus
to the grain percolation, resulting in an increase of the
ceramic density [37].

Electrical measurements—In,O; is a non-stoichiometric
n-type semiconductor or even semimetal, with a wide energy
band of semiconductor or even semimetal “gap” (=3.5 eV) for
high doping levels. The origin of such conductivity is due to
the charged oxygen vacancy (V,) and/or to the doping with
Sn**. Fan and Goodenough [11] developed a model that
shows that the bottom of the conduction band is essentially
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ceramic density reported previously (Table I). Specifically,
the lowest resistivity is observed for a ceramic which has the
highest density. A semiconductor behavior is also observed
for the three ceramics having the highest resistivity (the high-
est resistivities), which could be connected to the low density
observed for these ceramics that probably induce low mobil-
ity. Charge carrier concentrations of the ceramic have been
deduced from Seebeck measurements carried out at low tem-
perature (using the “Electron Transport Measurement” of
ICMCB) (FIG. 10). Firstly, the energy difference was
deduced between the conduction band and the Fermi energy
level between |IE.~E_| from the slope (FIG. 10) using the
following equation:

®

kB 712

S~ —-————-—ksgT
¢ |Er—Ecl *

in which S is the Seebeck coefficient measured in V/K. The
charge carrier concentration may then be deduced using the
following equation for a degenerate semiconductor:

@)
Er—Ec=7%

s (3N ]2/3

N is the charge carrier concentration and m* is the effective
mass of the electron (the assumption was made that m* is
equal to 0.4 m, 42]). All the electrical data deduced from
Seebeck and the resistivity measurements are listed in Table
III. At first, the charge concentration decreases with the
amount of Zn in the ceramic. This may be explained by the
increase in the substitution of In** by Zn** in the In,O,
structure, which is confirmed by the displacement toward a
higher angle of the various peaks of the XRD (X-ray diffrac-
tion) patterns (FIG. 6). However, a high increase in the charge
mobility is observed when the Zn content increases. The
increase in the mobility corresponds to the large increase in
grain percolation (FIGS. 7A-D) and consequently in the
ceramic density [36, 37]. Thus, a low mobility is obtained for
ceramics having a semiconductor behavior (FIG. 9) whereas
a high mobility (at least 10 times higher) is observed for a
ceramic having a metallic behavior (FIG. 9).

Table I1I presents the values of E-E_, of the mobility, of
the charge concentration and of the resistivity for the ITO
ceramics and various ITZO ceramics. The charge concentra-
tion was deduced using the Seebeck coefficient measure-
ments.

TABLE III
Charge
Sample EEc Charge mobility concentration Resistivity
identification (eV) (Vs =5%  (x102%e em™)=5% (102 Q- cm) = 5%
In,03: Sngy. 10 ITO) 0.67 0.16 6.30 64
[In,03: Sng 16]: Z1g 04 0.62 0.18 5.63 61
[In,05: Sng 1]t Z11g g6 0.61 0.23 5.42 51
[In,03: Sng 16]: Z1g 08 0.55 2.30 4.68 5.8
[In,03: Sng 16]: Z1g 10 0.47 10.09 3.65 1.7
60

composed of In:5s states and the top of the valence band is
composed of O:2p states (FIG. 8).

The ITZO ceramics demonstrate electrical resistivities that
are lower compared with that of ITO (FIG. 9). It gradually
decreases with the Zn content and reaches its minimum
(~1.7x1072 Q-cm) for the ceramic which nominally contains
10 mol % of Zn. This is partially due to the difference in

65

Using the EPMA results and the electrical measurements,
it is possible to calculate the exact final formula for the ITO
and ITZO ceramics. In the case of the ITO ceramic, there is
only a substitution of In** by Sn** in the In,O; lattice pro-
ducing free electron carriers in the conduction band accord-
ing to the formula:

34qy 4y 2— -
Iny ,”"S0,"" 03" [xec 7]

®)



US 9,120,708 B2

25

x was deduced from the charge carrier concentration (Table
1IT) and found to be equal to ~0.04 per unit of formula. Thus,
the following formula for ITO should normally be written:
©

However, the formula (c) differs from that determined
using EPMA: In, 4, Sn,, ;405 which is more precise. In fact, it
is recalled that the amount 0.09 Sn is divided into three parts:
(1) one part will go to form the additional rutile SnO, phase as
shown previously by the XRD (X-ray diffraction) analysis,
(ii) another part substitutes In** producing free electrons in
the conduction band according to the formula (¢) and (iii) the
remaining Sn are very probably segregated at the grain
boundaries when structural disorder predominates.

For ITZO, both Sn** and Zn** substitute In** in In,O,
according to the formula (a)

Iny 667 S1p,04057710.04ec 57]

(InzfxfyfahSnx4+zny+az+037(a/2)27Da/2 [=»)ecz D-
The parameters calculated (x, y and d) and the correspond-
ing final formula for the ITZO ceramics are listed in Table IV.
Table IV presents the parameters and final formula for
ITZO calculated using the EPMA results and charge concen-
tration determined by the Seebeck measurements.

TABLE IV
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the X-ray diffraction pattern toward higher angles takes into
account the reduction in the cell parameter due to the substi-
tution of some In** by Zn*.

More advantageously, the electrical resistivities of the
ITZO ceramics are lower than those of their [TO homolog due
to a higher density and a lower porosity and consequently to
a higher mobility. The lowest resistivity (~1.7x10~> ©-cm)
was observed for that having the nominal composition
[In,05:Sn, ,0l:Zng ;0. To conclude, by using the simple sin-
tering of a lightly pressed mixed ITZO powder, a highly dense
and conductive ceramic has successfully been prepared,
which is suitable for sputtering. It is recalled that the nominal
composition [In,05:8n, ,,]:Zn, ;, corresponds to the initial
powder mixture:

[(In0303)0.95+(SnO3)o.1]0.905+HZnO)g 10

This mixture will be used for preparing a ceramic target
which is suitable for depositing a thin film via the sputtering
technique.

Thin films—ITZO thin films were deposited using the RF
sputtering deposition technique. The sputtering machine
(Leybold L560) which was previously used for the deposition
of ATO and AZTO thin films was used.

Sample

identification X y o  Final formula

[In503: Sng 10]: Zno 06
[In503: Sng 10]: Zng os
[In503: Sng 10]: Zng 10

0.091 0.057 0.006 In 847 *Sno. oL, MZn,, 053 *O,, 997
0.092 0.062 0.020 In, 825 *Sno. 092, MZng 055> 05, 990
0.090 0.066 0.032 In, g;5**Sng 090 ZN0 005> O.054°

" Co.oos [(0.034)ec 7]
" Ho.o10 [(0.030)ec 7]
" Ho.o1s [(0.024)ec 2 7]

Conclusions—The granules of the ITO, IZO and ITZO
ceramics were prepared without using a hot or cold pressing
procedure. They were obtained simply by mixing lightly
pressed (pressed by hand) powder in a cylindrical crucible
made of alumina and then by sintering at 1300° C. The idea
was to be capable of preparing large-scale targets that could
be used for industrial applications in a vapor phase deposition
process.

It has been found that the final composition of the 170
ceramic has a Zn content of ~1.4 mol %, which corresponds
to the solubility limit in In,O;. The density of the [ZO ceramic
obtained is low (~3.03 g/cm’) compared to the theoretical
density of In,O; (7.16 g/cm?). For the ITO ceramic, a good
agreement between the final composition of the ceramic and
the starting mixture was observed with a very small loss of
Sn** (~1 mol %) and its density is low (35% of the theoretical
density). For ITZO, the final compositions of the ceramic are
also in good agreement with their starting mixtures, also with
a very small loss of Sn** (~0.5-1 mol %). However, the
density of the ITZO ceramic prepared gradually increases
when the Zn content increases, due to the increase of neutral
oxygen vacancies that promote mass transfer to the grain
boundaries and, in this way, facilitate the percolation between
the grains. The highest density (~92% of the theoretical den-
sity) is observed for the ceramic having the nominal compo-
sition [In,05:Sn, | o]:Zng ;0.

In good agreement with the literature [35], the solubility of
SnO, in In,O; reached ~6 mol % as was shown on the X-ray
diffraction patterns. However, it emerges that the solubility of
Sn and Zn increases when they co-substitute In in In,O;.
Specifically, this was shown by the X-ray diffraction pattern
analysis. An additional peak corresponding to Sn or Zn oxide
phases was not observed for the ceramics having a Zn content
=6 mol %. Furthermore, the small change of the peaks from

40

45

50

This work was carried out in collaboration with J. P.
Manaud, from the “Centre de Ressources Couches Minces de
I’ICMCB?” (Thin Film Resource Center of ICMCB).

Target preparation—An ITZO ceramic target having a
diameter of 50 mm was prepared using the optimized ceramic
composition. A batch of 50 g of appropriate amounts of
In,0;, SnO, and ZnO powders were milled using balls for 3
hours in an agate bowl containing agate balls and ethanol.
Then, after evaporation of the ethanol, the powder was ground
in an agate mortar, and then a cylindrical crucible made of
alumina having a diameter of 82.56 mm was filled with the
powder (see FIG. 15A-D).

The powder mixture in the crucible was lightly pressed (by
hand) and then sintered at 1300° C. in air for 12 hours. The
ITZO ceramic target having a relative density of ~0.92 was
then obtained. It emerged that the diameter of the target was
~52.5 mm after heat treatment which corresponds to ~36.4%
shrinkage in the diameter due to the densification process.
The target having a final diameter of 50 mm was obtained
after polishing.

Optimized sputtering parameters—By using the target
already prepared, the ITZO thin films were deposited by RF
magnetron sputtering in a sputtering chamber equipped with
a turbopump (Leybold 1.560). After depositing the films, the
pressure of residual gases was around 5-9x10~> Pa. Before
each deposition process a pre-sputtering was carried out sys-
tematically for 20 min for the purpose of cleaning the surface
of the target. The deposition of the films was carried out at
ambient temperature without heating the substrate. They
were deposited onto substrates made of glass or made of PET
(polyethylene terephthalate), over various deposition times.
The RF power density for the deposition was varied from 0.5
to 2.5 W/em?. This was carried out at a total gas pressure set
at 1 Pa under a mixture of argon (99.999%) and oxygen
(99.99%), with a partial pressure of oxygen varying between
0 and 2%.
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For the purpose of having films with good optoelectronic
properties, the sputtering conditions were first optimized.
After that, the influence was studied of the power density (P)
and the partial pressure of oxygen (p,,) on the deposition
rate, on the optical and electrical properties of the ITZO thin
films [43]. In order to have sputtered particles of low energy
(which are suitable for a PET substrate), the distance from the
target to the substrate (d,_,) was set at 7 cm, which is the
maximum distance that makes it possible to maintain the
plasma in the sputtering chamber having a low sputtering
power density of 0.5 W/cm?.

Influence of the sputtering parameters on the deposition
rate—The determination of the deposition rate was carried
out, as is customary, by depositing a film for a certain period
of time onto the glass substrate and then by measuring the
thickness of the film using a profilometer. According to FIG.
17, the fact of increasing the power density from 0.5 to 2.5
W/cm? in an almost linear manner increases the deposition
rate from 4.3 to 37.2 nm/min. Specifically, a higher power
density induces a higher plasma density and the transfer of
momentum toward the target. However, it is chosen not to
exceed higher power densities because the main objective of
this study is to deposit ITZO films on plastic substrates.

As expected, unlike the power density, the deposition rate
decreases with an increase in the amount of oxygen in the
plasma (FIG. 18). This may be connected either to the nature
of'the molecular ions present in the mixed plasma which have
a lower mean free path leading to a lower probability that the
particles will reach the substrate, or to the composition of the
extreme surface of the target which varies depending on the
nature of the plasma and may influence the deposition rate.

Influence of the sputtering parameters on the optical prop-
erties—FIG. 19 shows the change in the transmittance
between 200 and 2500 nm as a function of the power density.
The highest visible transparency (~86%) is obtained for thin
films deposited on a glass substrate at a power density of 0.5
W/cm?®. However, the lowest transparency (~71%) is
observed for samples deposited at the highest sputtering
power density (2.5 W/cm?). This is because, at a high power
density, a “back sputtering” phenomenon may take place,
causing structural defects in the film, the latter introducing
hole subband energy states that lead to a reduction in the
transparency of the film.

The optical energy of the forbidden band (E,) was deter-
mined by extrapolating the linear portion of the plotted curve
(FIG. 20) to a zero absorption. B, of the ITZO films deposited
decreases firstly from ~3.88 to ~3.57 eV when the power
density increases from 0.5 to 1.5 W/cm? (FIG. 20). For power
densities larger than 1.5 W/cm?, an increase in B, isobserved.
The latter change is linked to the change in the carrier con-
centration (Burstein-Moss effect [44, 45]), as will be shown
below.

The influence of the partial pressure of oxygen (p,) on the
transmission was studied for thin films prepared under the
lowest power density (0.5 W/cm?) which give the best trans-
parency in the visible range. A low visible transparency
(~77%) was observed for the film deposited at p,,=0.1%
(insert from FIG. 21), of brown color. However, for films
deposited at a partial pressure of oxygen p,, greater than 0.1,
a high transparency is obtained, ranging from ~88.5 to
~89.5% for a partial pressure of oxygen between 0.2 and 1%
and the films are almost colorless.

B, decreases from around ~3.89 to ~3.66 eV when the
partial pressure of oxygen in the sputtering chamber changes
from 0.1 to 1% (FIG. 22). The increase in the partial pressure
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of oxygen favors the reduction in the oxygen vacancies (9)
leading to a reduction in the carrier concentration [as will be
seen later in the formula (d)].

Influence of the sputtering parameters on the electrical
properties—Table V indicates the change in the carrier con-
centration, the mobility and the resistivity as a function of the
power density. The resistivity of ITZO thin films increases
gradually from ~4.6x10™* Q-cm to ~5.1x10~> Q-cm, when
the power density increases from 0.5 W/cm?® to 1.5 W/cm?
(FIG. 23) and then decreases for a higher power density. This
is because the resistivity is inversely proportional to the car-
rier concentration. However, as expected, the change in the
mobility shows areverse tendency to the carrier concentration
even though the mobility has a minor contribution to the
resistivity. It should be noted that the lowest resistivity is
obtained for a power density of 0.5 W/cm?.

Table V presents: Carrier concentration (determined from
Hall measurements), mobility and resistivity for various
ITZO thin films deposited at various power densities.

TABLEV

Power Mobility Resistivity
density Carrier concentration  (cm?V -s) = (x1072 Q-cm) =
(W/em?)  (x10%%¢™ em™) = 5% 5% 5%

0.5 5.54 24.1 0.46

1 2.82 29.1 0.76

1.5 0.331 36.8 5.1

2 0.67 21.6 4.2

2.5 2.11 18.7 1.6

The change in the resistivity was monitored as a function of
the partial pressure of oxygen for [TZO thin films deposited at
a power density of 0.5 W/cm®.

The values of the carrier concentration, of the mobility and
of the resistivity for various partial pressures of oxygen are
collated in Table V1. The lowest resistivity (~4.4x10™* Q-cm)
is obtained for the films deposited at p ,,=0.2% (FIG. 24). For
films deposited at lower p,, (0.1%), the carrier concentration
corresponds to the highest value (Table VI) which explains
the low transparency (FIG. 21) and the highest B, (FIG. 22).
Nevertheless, the mobility is lower than that of the films
deposited at p,,=0.2% (Table VI), which explains the higher
resistivity. For films deposited at p,, greater than 0.2%, the
carrier concentration decreases with p,,. Furthermore, the
mobility also decreases with p,,, which may be due to a
structural disorder induced by the insertion of oxygen in the
amorphous structure which will be demonstrated below. Con-
sequently, the resistivity of the film increases radically (~1.7x
107! Q-cm) when it is deposited at high p,, (1%).

Table VI presents: Carrier concentration determined by
Hall measurement, calculated mobility, and resistivity mea-
sured for various ITZO thin films deposited at various partial
pressures of oxygen.

TABLE VI

Partial Mobility Resistivity
pressure of Carrier concentration (cm?/V -s) = (Q-cm) =

oxygen (%) (x10%% ¢~ em™) = 5% 5% 5%
0.1 5.36 17.8 6.55x 107
0.2 4.89 28.8 4.44 x 1074
0.3 3.41 233 7.85x 1074
1 0.923 0.40 1.70 x 107!

Influence of the sputtering parameters on the structure and
morphology—The change in the X-ray diffractograms (FIG.
25) shows that the film deposited at 0.5 W/cm? has a structure
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that is amorphous to X-rays, which is attributed to the par-
ticles of low energy that arrive at the surface of the substrate.
Furthermore, as the RF power density increases (1 and 1.5
W/cm?), particles of higher energy arrive at the substrate and
hence lead to a better crystallinity. However, for power den-
sities greater than 1.5 W/cm?, the crystallinity of the film
gradually decreases with the power density and broadening of
the peak is observed. The disorder associated with higher
power densities is probably due to the “back sputtering”
phenomenon that induces structural defects in the deposited
film. The Zn>* ions may occupy two types of sites (substitu-
tional or interstitial) in the structure, as indicated in the fol-
lowing formula:

3 4 2 2 2
I, 5 S0, 0,5 20, O3 _50)" Uaal
(G-yp+22)ecp”]

(d)

In order to have a high carrier concentration, it is better to
preferably have Zn>* in an interstitial position (z).

In a crystalline structure, Zn** will preferably occupy the
substitutional position for the purpose of minimizing the
energy and of reducing the steric effects while the creation of
interstitials will be favored in the case of a disordered (amor-
phous) structure. Furthermore, Park et al. [24] have shown
that the existence of Zn in an interstitial position in the struc-
ture of In, O, leads to an increase in the cell parameter. When
the positions of the peaks of ITO thin films obtained with such
characteristics are compared, a change toward lower angles is
always observed, which indicates an increase in the cell
parameter. This change is minimized in the case of the better
crystallized compound (corresponding to the power of 1.5
W/cm?). Thus, it is possible to expect to have a higher pro-
portion of interstitials in the disordered structure, resulting
from a higher carrier concentration. The SEM (scanning elec-
tron microscope) photographs prepared at various power den-
sities are presented in FIGS. 26 A-C. The film deposited at low
power density (0.5 W/cm?) is dense and smooth [FIG. 26A].
However, a continuous change in morphology is observed
from the shape of FIG. 26 A to that of FIG. 26C when the
power density is increased. In FIG. 26C, the presence of
grains is clearly visible at the surface with a grain size of ~130
nm. Furthermore, zones (in dark gray) which may correspond
to the back sputtering phenomenon are visible.

The surface roughness was also studied using the atomic
force microscopy (AFM) technique (FIGS. 27A-C). The
ITZO film deposited at 0.5 W/cm? revealed a very smooth
surface, which was in good agreement with the SEM results.
However, the surface roughness was improved with the power
density due to the crystallization of the film. In fact, for higher
deposition powers, a pronounced increase in R, was found
due to the back sputtering phenomenon (Table VII).

Table VII presents: Change in the average surface rough-
ness with power density.

TABLE VII

Power density (W/cm?) R, (nm)
0.5 0.24
1.5 0.87
2.5 3.42

Optimized sputtering parameters—The preceding results
that relate to the influence of the sputtering parameters on the
thin films, make it possible to conclude that:

i) the lowest resistivity, in addition to the highest transpar-
ency, were observed for the thin film deposited at the power
density (P) of 0.5 W/cm?;
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i1) the highest transparency was observed for films deposited
at p,,>0.1%; and
iii) the lowest resistivity was obtained for films deposited at

P02=0.2%.

Hence, the optimized sputtering conditions for ITZO thin
films resulting in high transparency and the lowest resistivity
are the following:

P=0.5 W/cm?, p,,=1 Pa, p,,=0.2% and d,_ =7 cm

Specifically, these sputtering parameters result in films
with a structure that is amorphous to X-rays where Zn**
preferably occupies the interstitial position improving, in this
way, the carrier concentration [43].

ITZO thin films prepared according to the optimal condi-
tions—The optimized sputtering conditions were used to
deposit ITZO thin films onto substrates made of glass (ITZO-
glass) or of plastic (ITZO-PET). Next, the composition, struc-
ture, roughness and also the optical and electrical properties
of' the thin films were thoroughly studied.

Composition—As is customary, the EPMA (Electron
Probe Microanalysis) technique was used to determine the
composition of the thin films. The composition of the ITZO
thin films deposited under optimized sputtering conditions
onto glass or plastic substrates and also the composition of the
ceramic target for deposition are indicated in Table VIII. The
final composition of the films deposited on the glass or plastic
substrates is the same. However, there is a small loss of Snand
Zn compared to the composition of the ceramic target. This
difference may be due to the different sputtering yields of the
various species present in the target [43].

Table VIII presents the compositions of the ITZO ceramic
and thin film determined by the EPMA technique.

TABLE VIII

Identification of the ceramic

and of the thin film ITZO

Final composition of the
ceramic = 0.005

In; 651876 ,090Z16.00803 -5

Composition of the thin film In; 535Sn0 084200 078035
(on glass) = 0.005
Composition of the thin film In §395n0,082216,67003_

(on plastic) = 0.005

Morphology and structure—FIGS. 28A and 28B show that
the ITZO-PET film has a higher surface roughness (R =1.46
nm) than the ITZO-glass film (R ,=0.24 nm). This is due to the
higher roughness of the surface of the initial plastic substrate.

The two films, ITZO-glass and ITZO-PET, display a struc-
ture that is amorphous to X-rays (FIG. 29). As has been shown
previously, this is due to the deposition of the film which takes
place at a low power density (0.5 W/cm?); the peaks observed
are characteristic of the plastic substrate (PET).

Optical properties—The change in the transmittance with
the wavelength for the ITZO films deposited on glass and
plastic substrates is shown respectively in FIGS. 30 and 31.

For ITZ0-glass (insert from FIG. 30), a high transparency
(~88.5%) is observed for films which have a thickness of
~260 nm, which is close to the value obtained for the com-
mercial ITO deposited on glass (ITO-glass). However, as
expected, the transparency has hardly decreased (~3%) when
the thickness of the film increases to ~500 nm. In the case of
ITZO-PET films (thickness of 260 nm) (insert from FIG. 31),
the transparency is of the same order as that observed for the
commercial [TO that is deposited on PET. The transparencies
of ~82% and of ~80% are obtained for the ITZO-PET films
that respectively have a thickness of ~260 nm and of ~480 nm.
Specifically, the transparency values are considered to be very
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high as regards the transparency of the plastic substrate (PET)
(—83%) that obviously limits the transparency of the films.

Ahigh IR reflectivity was obtained for both the ITZO-glass
and ITZO-PET thin films (FIG. 32). It reaches ~79% for the
films deposited on glass, whereas ~87% is achieved for the
films deposited on plastic substrates. This is due to the high
carrier concentration [as will be shown later on (Table IX)],
and hence a higher plasma frequency (), according to m,=
(Ne%/ese..m,.)""2, which leads to a higher IR reflectivity
according to

2

R=1-———.
wpTel?

The ITZO films always have a higher reflectivity in the IR
range than commercial ITO films due to the high values of the
carrier mobility (Table IX).

Electrical properties—Although in the presence of a higher
carrier concentration for ITZO-PET films than for ITZO-
glass films that have the same thickness (Table IX), the resis-
tivity of the ITZO-PET films is barely higher (Table IX and
FIG. 33). The same tendency was also observed for the sheet
resistance. This behavior is due to the lower carrier mobility
for the ITZO-PET thin films.

Table IX presents: Carrier concentration, mobility and
resistivity for various thicknesses of ITZO-PET and ITZO-
glass. The data for commercial ITO thin films (ITO-PET and
1TO-glass) are given by way of comparison.
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tions that lead to an increase in the carrier concentration, and
consequently in the conductivity. In crystalline ITZO films,
7Zn** is in substitutional positions leading to a reduction in the
conductivity. This behavior is different from that observed for
ITO, for which the conductivity increases when the crystal-
linity increases. This study shows the advantage of such thin
films on plastic substrates.

The optimized sputtering parameters in order to have high
optoelectronic performances are the following:

P=0.5 W/em?, p,,=0.2%, p,,~1 Pa, and d,_.=7 cm

The amorphous films obtained on both the glass and plastic
substrates have the same chemical composition and they are
in good agreement with the composition of the target. A slight
loss of Snand Zn has also been observed in the films due to the
different sputtering yields of the various elements present in
the target. The morphology of the thin films is dense with a
very smooth surface.

In terms of optical properties, the ITZO thin films have
brought out a high visible transparency. It is 286% for [TZO-
glass and =80% for ITZO-PET; these values are close to the
transmittance value observed for the commercial ITO film.
Dueto their high carrier mobilities, the resistivity of the I[TZO
films, deposited on a glass or plastic substrate, is as low as that
observed for commercial ITO-glass. The lowest resistivity
value reached ~4.4x10™* Q-cm for ITZO-glass, whereas it
reached ~4.7x107* Q-cm for ITZO-PET. Advantageously, the
ITZO thin films have lower resistivities, and consequently
lower sheet resistances, than the commercial ITO-PET thin
films, due to the higher carrier concentration and mainly to

TABLE IX
Carrier
concentration Mobility Resistivity Sheet

Thickness (x10?°e"em™>)+ (cm?V-s)x (x107*Q-cm)+  resistance

(nm) * 20 5% 5% 5% (QM) = 5%
Sample
ITZO-PET 260 5.30 25.2 4.68 18.1
ITZO-PET 480 5.41 16.2 5.62 14.0
ITZO-Glass 260 4.89 28.8 4.44 17.2
ITZO-Glass 500 5.04 26.5 4.67 9.1
Commercial
ITO-PET 200 5.00 10.7 1.17 58.5
ITO-Glass 100 8.43 18.6 3.99 39.9

Table IX also shows that the resistivity for the ITZO films
(260 nm) deposited on unheated glass and/or on plastic sub-
strates is close to that observed for commercial ITO thin films
that have been deposited at ~200° C. on a glass substrate
(ITO-glass), this temperature resulting in well crystallized
films. The carrier concentration of the ITZO films is lower
than that of the ITO-glass films, but they have a higher mobil-
ity (Table IX). More advantageously, the ITZO-PET thin
films bring out lower resistivities, and consequently lower
sheet resistances, than the commercial ITO-PET thin films
that have been deposited in a similar manner at ambient
temperature. This may be explained by the higher carrier
concentration and mainly by the higher carrier mobility that
take place in the ITZO-PET films [43].

Conclusions—ITZO thin films, deposited from the opti-
mized ITZO ceramic target, were prepared by RF magnetron
sputtering. More advantageously, the ITZO films deposited
on PET polymer substrates have greater optoelectronic per-
formances than their commercial ITO homologs. Their amor-
phous nature permits the fact that Zn>* is in interstitial posi-
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the higher carrier mobility of the ITZO-PET films. Further-
more, the IR reflectivity of the ITZO films is always higher
than that observed for the commercial ITO films due to the
higher carrier mobility that occurs in ITZO.

Since the ITZO thin films deposited on plastic substrates
(ITZO-PET) have higher performances than their commer-
cial ITO homologs (ITO-PET), these are good candidates for
polymer-based optoelectronic devices, such as flexible ECDs
(Electrochromic devices), OLEDs, flexible solar cells, etc.

Particular advantages of the process and of the ceramics
thus obtained—The process makes it possible to obtain
ceramics with high densities (greater than or equal to 90%,
and preferably of around 91%). They can, therefore, advan-
tageously be used on an industrial scale (and a fortiori in the
laboratory) as a target for DC sputtering (in the case of con-
ductive ceramics such as ITZO of In; 4,581, g95sZ0 1405
composition) or RF sputtering (in the case of insulating
ceramics such as Zn-doped Li, 1150, , of Li, Ti, 5oZn, 500, 7
composition). The process has one very important advantage
in the sense that the steps of “hot-pressing” or of pressing at
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ambient temperature (of the order of one tonne per cm®) used
to date for producing industrial or laboratory ceramics are
avoided here. Therefore with this process there is a significant
gain in terms of preparation time (divided by at least a factor
of 3) and therefore of personnel cost.

With this process there is also a significant financial gain in
terms of equipment cost, since here there is no longer any
need for the industrial hot-pressing equipment which is
expensive and difficult to maintain; the same applies for the
ambient-temperature pressing equipment. Furthermore,
although the ceramics proposed here are slightly less dense
than the industrial ceramics (the latter often being very close
to the theoretical density, that is to say greater than or equal to
95%), their density, of around 90%, or even slightly higher, is
amply sufficient in order to be able to be used as targets for
sputtering, as emphasized above.

Furthermore, in the case of the conductive ceramics of the
invention, the electrical conductivity advantageously remains
very high, despite a slightly lower density, that has also been
reported.

It has furthermore been demonstrated that the conductivity
of the aforementioned ITZO ceramics is slightly greater than
those of the ITO ceramics commonly used.

As regards the electrical resistivity of the ITZO ceramics, it
has surprisingly been discovered that these ceramics possess
low electrical resistivities in comparison with that of ITO. It
gradually decreases with the Zn content and reaches its mini-
mum for ceramics that nominally contain 10 mol % of Zn.
This is partially due to the difference in the density of the
ceramic. The lowest resistivity was observed for the ceramic
having the highest density. The charge concentration
decreases with the Zn content in the ceramic. This can be
explained by the increase in the substitution of In** by Zn** in
the In,O; structure.

As regards the charge mobility, it has surprisingly been
discovered that a significant increase in the mobility is asso-
ciated with a high increase in grain percolation. A low mobil-
ity is obtained for ceramics having a semiconductor behavior,
whereas a high mobility is observed for ceramics having a
metallic behavior.

The highest density (around 93% of the theoretical density)
is observed for ceramics having the nominal composition
[In,05:8n, 10]:Z0g 10

Surprisingly, the ITZO ceramic resistivities are lower than
those of ITO, due to a higher density and a lower porosity and
due to a greater mobility.

The X-ray diffraction pattern for the ITZO powders sin-
tered (annealed according to GDT) at 1300° C. (FIG. 5)
shows that they are very well crystallized and that they adopt
the bixbyite structure of ITO. No supplementary peak corre-
sponding to the ZnO, or Zn,In,0;,, structures has been
observed when the Zn content is increased to a concentration
of 10 mol %.
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Although the present invention has been described using
specific implementations, it is understood that several varia-
tions and modifications may be grafted to said implementa-
tions, and the present invention aims to cover such modifica-
tions, uses or adaptations of the present invention that in
general follow the principles of the invention and that include
any variation of the present description which will become
known or conventional in the field of activity in which the
present invention lies.

The invention claimed is:

1. A process for preparing a ceramic made of an inorganic
base material doped by an inorganic dopant material com-
prising a dopant element J, said ceramic being represented by
the formula (I) Ea_x,ka,'"OB_x,(k_m)/zz" | (e_rmy> Wherein:

EakOﬁz‘ denotes the inorganic base material:

E denotes at least one metal from groups I to VIII of the
Periodic Table of the Elements, and k denotes the aver-
age degree of oxidation of E in the formula I;

J denotes at least one metal from groups Ito VIII of the
Periodic Table of the Elements, and m denotes the aver-
age degree of oxidation of the element J, m<k;

a, k and p are positive numbers being between 1 and 20,
such that ak-23=0;

x' denotes a positive integer such that x'<a; and

[ represents an anionic vacancy;
said process comprising:

astep of mixing the inorganic base material in powder form
with the inorganic dopant material in powder form; and

a sintering step carried out at a temperature above 800° C.,

wherein the forces exerted on the powders, after the mixing
step and before the sintering step, are less than or equal
to 5 kg/em?.

2. The process according to claim 1, wherein the inorganic

base material is:

the formula EakOﬁz" wherein E represents at least one
metal selected from the group consisting of Fe, Cu, Co,
W, Mo, Ti, Cr, Sn and In.

3. The process according to claim 1, wherein the inorganic
dopant material contains one or more cations having a degree
of oxidation lower than that of the cation(s) of the inorganic
base material.

4. The process according to claim 1, wherein a molar ratio
of'the inorganic dopant material and the inorganic base mate-
rial varies between 0.001 and 0.4.

5. The process according to claim 1, wherein the sintering
step is carried out at a temperature between 800° C. and 1700°
C. for a time period between 1 and 100 hours, at ambient
atmosphere or under an inert atmosphere.

6. The process according to claim 1, wherein the inorganic
base material is selected from the group consisting of oxides,
oxyhalides, and mixtures thereof.
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7. The process according to claim 6, wherein the oxides are
selected from the group consisting of TiO,, SnO,, In,0;,
Li,Ti50,,, MoO;, WO, Cr,0;, Fe,0;, Li NiO, with x being
between 0.1 and 2, Li CrO, 5 with x being between 1 and 2,
LiFeO, and mixtures thereof.
8. The process according to claim 1, wherein a pair of the
inorganic base material and the inorganic dopant material is
selected as follows:
the inorganic base material having a cation W®* or Mo®*
associated with the inorganic dopant material having at
least one cation J selected from the group consisting of
Nb5+, Ta5+’ V5+, Ti4+, Sn4+, Mn4+, Mg2+, Zn2+, Ni3+,
Ni**, Cu?*, Co®*, Co?*, Fe®*, Cr’* and Mn**;

the inorganic base material having a cation V>, Nb>*or Ta>*
associated with the inorganic dopant material having at
least one cation J selected from the group consisting of
Ti4+, Sn4+, Mn4+, Ni3+, CO3+, Fe3+, CI'3+, Mn3+, Zn2+,
Mg**, Ni**, Cu** and Co**;

the inorganic base material having a cation Mn>*, Co**or
In** associated with the inorganic dopant material hav-
ing at least one cation J selected from the group consist-
ing of Zn**, Mg**, Cu**, Co*, Mn** and Fe**, provided
that Sn can be associated to ] when the cation of the
inorganic base material is In**; or

the inorganic base material having a cation Co**, Fe*™,

Mg?*, Cu?*, Ni** and Mn** associated with the inor-
ganic dopant material having at least one cation Li* as
cation J.
9. The process according to claim 1, wherein the mixing of
the powders of the inorganic base material and the inorganic
dopant material is carried out in presence of an organic or
aqueous solvent or a mixture of at least one organic solvent
and one aqueous solvent.
10. The process according to claim 9, wherein the organic
solvent is selected from the group consisting of alcohols,
ketones, ethers and mixtures thereof.
11. The process according to claim 1, wherein, during the
step of mixing, a mixture containing 82.23 mol. % of In,0O; as
the inorganic base material, and 8.66 mol. % of SnO, and 9.11
mol. % of ZnO as the inorganic dopant material, is prepared.
12. The process according to claim 1, wherein the resistiv-
ity of the ceramic obtained is adjusted by controlling an
amount of the inorganic dopant material in the mixture of
powders subjected to the sintering, implying that an increase
of the amount of the inorganic dopant material promotes a
decrease of the resistivity.
13. The process according to claim 12, for obtention of a
ceramic having a resistivity below or equal to around 1.7x
1072 Q-cm, wherein
the inorganic dopant material comprising the dopant ele-
ment J is selected from the group consisting of Zn**,
Mg**, Cu**, Co**, Mn?* and Fe**; and

an amount of the inorganic dopant material in the mixture
of the inorganic base material and the inorganic dopant
material is above or equal to 10 mol. %.

14. The process according to claim 1, wherein the charge
mobility of the ceramic obtained is adjusted by controlling an
amount of the inorganic dopant material in the mixture of
powders subjected to the sintering, implying that an increase
of the amount of the inorganic dopant material promotes an
increase of the charge mobility of the ceramic.

15. The process according to claim 1, wherein the forces
exerted on the powders, after the mixing step and before the
sintering step, are less than or equal to 1 kg/cm?.
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